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REMARKS 

Claims 1-8 are pending in this application. Pending 
completion of a personal interview with the Examiner, Applicant has 
not canceled, added, amended claims in this application. 

Applicants take this opportunity to thank the Examiner for 
reconsideration and withdrawal of the objection to the 
Specification and the rejection of claims 1, 2, and 5-8 under 35 
U.S.C. §112, second paragraph. 



1. Rejection of Claims 1-8 under 35 U.S .C. §112. 

first paragraph 

The Office Action rejects claims 1-8 under 35 U.S.C. §112, 

first paragraph, for the following reasons: 

"[T]he specification, while being enabling for a method 
of treating cell lines established from samples of cystic 
fibrosis patient resulting from an abnormal expression of 
genes caused by aberrant splicing in cells, comprising 
administering to the cells, an naturally occurring 
alternative splicing factor (ASF) by transfected the 

KJ.^J_J_C:> W_LU11 KZ:^l^J-^^>~y-L-^^i- vv-*-**-^-.- , 

the abnormal expression shifts towards normal expression 
of the gene, does not reasonably provide enablement for 
a method of treating individual suffering from a disease 
resulting from an abnormal expression of genes caused by 
aberrant splicing in cells, wherein the disease and the 
abnormal genes are not defined, comprising administering 
to the cells or to tissue or organs of the individual 
comprising the cells, an ASF, whereby the abnormal 
expression shifts towards normal expression of the gene. 
The specification does not enable any person skilled in 
the art to which it pertains, or with which it is most 
nearly connected, to make and/or use the invention 
commensurate in scope with these claims." 
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Specifically, the Examiner cites a purported lack of support for 
use of in vitro data to support in vivo usefulness, failure to 
satisfy a purported requirement to show routes of administration 
and dosage information in the Specification, and a purported lack 
of support for application of~the cysti'c fTbrosi"s data to broad" 
generic claims. The Examiner also notes that the Declarations 
filed on February 4, 2003 "are not found fully persuasive" for the 
same reasons. 

Applicant respectfully traverses this rejection. Applicant 
furnishes four literature references which support the proposition 
that, to the ordinarily skilled artisan, the in vitro data readily 
support in vivo treatment, and that the claimed generic inventive 
subject matter, use of an ASF for treating an aberrant splicing 
disorder, finds broad support in the general knowledge which has 
developed in the art subsequent to the filing of this application. 

Exhibit A: Jan-Gowth Chang, Hsiu-Mei Hsieh-Li, Yuh-Jyh Jong, 
Nancy M. Wang, Chang-Hai Tsai, and Hung Li, Treatment of spinal 
muscular atrophy by sodium hutyrate, PNAS, 98:9808-9813 (2001). 
This study shows that sodium butyrate treatment of human SMA 
lymphoid cell lines increased the expression of full length, exon 
7-containing SMN protein from the SMN2 gene, by a mechanism which 
involves a change in the SMN2 RNA splicing pattern. After sodium 
butyrate stimulation, both in vitro and in vivo, the transcription 
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pattern of SMN2 changed to an SMNl-like transcription pattern, 

— i»^oij.j._y -i-v^--in_ uv^ uiic oL-nN pet i_ ct; J. 11 XII iiedXLiiy 

individuals. Jn vivo, sodium butyrate treatment of SMA-like mice, 
by oral administration, resulted in increased expression of SMN 
-p-r-o-te-i-n — tn — motor — neuxon-s — o-f — th-e — sp-i-n"a-l — cord — and — resullTed — i"n" 
significant improvement of SMA clinical symptoms. SMA symptoms 
were ameliorated for all three tested types of SMA-like mice. The 
authors conclude that these results suggest that sodium butyrate is 
an effective ASF for the treatment of human SMA patients. 

Exhibit B: H. Zhao and G. A. Grabowski, Gaucher disease: 
perspectives on a prototype lysosomal disease, in Human Genome and 
Diseases: Review, Cell. Mol. Life Sci. 59:694-707 (2002). Gaucher 
disease is transmitted as an autosomal recessive trait. The 
7.5-kb, 11 exon, gene encodes acid p-glucosidase (GCase, 
glucocerebrosidase, N-acyl-sphingosyl-fB-D-glucose; glucohydrolase, 
EC 3.21.45). The GCase pseudogene is highly homologous to the 
normal GCase gene (96% identity) . The GCase pseudogene is 
transcribed, but no functional protein results because of numerous 
mutations that generate stop codons. The major differences between 
the functional and pseudogenes are the presence of several splicing 
disorders, including small deletions in introns 2, 4, 6 and 7, 
numerous exonic missense mutations, and a 55-bp deletion in exon 9 
in the pseudogene. The paper describes the "outstanding 
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accomplishment" of discovery of an effective and safe enzyme 

theraov for Gaucher di si^;^ .c:p> . whir-h h=io v>^^-r^ v-^^r-! j t.. 

-• - — 1 ••^'-^^^2. ix^^ j-/v_v_ii J. V j-cw ci-t CA. ueiis X vfci±y . 

The readers are referred to these references for details. Briefly, 
after a decade of enzyme therapy, the population of Gaucher 
_^-a.t±en.t3-hav-e-ha-d-raa4o-M-mp-F©veme-n-ts— i-n-head-t-h-and-Trev-exs^l^^ 
aspects of their pathology. The article also discusses the "recent 
successes in gene therapy for immunodeficiency diseases" as an 
indication that progress is being made in this therapeutic 
strategy. 

Exhibit C: David A. Buchner, Michelle Trudeau, Miriam H. 
Meisler, SCNMl, a Putative RNA Splicing Factor That Modifies 
Disease Severity in Micer Science, 3011:967-969 (2003). This paper 
discusses the investigation into whether the mutant allele of gene 
MGC3180/SCNM1 accounts for the disease susceptibility of mouse 
strain C57BL/6J to neurological disease and death. The authors 
tested the ability of the wild-type allele to rescue the lethal 
t^ueuoLype using a oacceriai artificial chromosome. Purified BAG 
DNA was microinjected in vivo into fertilized eggs. A first 
generation transgenic founder was crossed to a congenic line, and 
the resulting transgenic offspring were backcrossed to the congenic 
line. The second generation offspring had a typical resistant 
phenotype demonstrating rescue by the BAG transgene. The abundance 
of the wild-type MGC3180/SCNM1 transcript in brain RNA was 50% that 
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of the endogenous transcript. The level of correctly spliced 

a. ^ u- J- 1 1 o 1 i _i_ wao isJiupdJ. cau-LC uvj Uilt; J-tiVtiX 

previously measured in mice with the wild-type (resistance) allele, 
demonstrating transgenic rescue of the splicing defect. 

E-xl^-i-b-i-^B-:— Josep h II . N a-dea-Q— Mod-i-f-yi-n-g-t-h-e-Me-s-s-a-g'e~S-ci~en-c-e"7- 

301:927-928 (2003). In a review of the Buchner, et al . Article 
(Exhibit C) , the author discusses a rapidly growing body of 
evidence showing that various aspects of RNA biology, including 
splicing, are common targets of phenotypic modifiers. Applicant's 
work published in Trends Genet., 18:123 (2002) and previously 
provided to the Examiner. Mutations in variant motifs that include 
splice enhancers and splice silencers produce a mixture of normal 
and truncated transcripts and thus tend to have more modest and 
more variable effects. Again citing Applicants work, the author 
states that "modifier genes can act on the latter group by 
modulating the ratio of normal to abnormal transcripts. There is 
p(ji_fc;iiLj.ci± CO aesxgn arugs -cnar rarget moailier proteins and thus 
modulate the level of normally spliced transcripts." 

Based on these literature references, it is apparent that 
Applicant's experimental and prophetic examples have been borne 
out, and that the ordinarily skilled artisan has been able to use 
methods disclosed by Applicant for using an ASF in the in vivo 
treatment of aberrant splicing disorders. 
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Finally, Applicant traverses this rejection because the 
Examiner's purported recjuirenient of route of adniinistration and 
dosage information in the Specification of this application 
misstates both the current state of the art in the field, and the 

-app±rca"b-l-e — tawT in — a"ssert±ng — thai:^ — a — mexe — need — fox — fuxt"h"ex" 

experimentation is sufficient to support the rejection; the 
requirement is that additional experimentation be "undue." No more 
than routine experimentation, the methods of which are well known 
to those of ordinary skill in the art, is required to optimize 
dosage and route of administration. 

Accordingly, Applicants respectfully request the Examiner to 
reconsider and withdraw the rejection of claims 1-8. 
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CONCLUSION 



Based upon the above remarks, the presently claimed subject 
matter is believed to be novel and patentably distinguishable over 
the prior art of record. The Examiner is therefore respectfully 
requested to reconsi'der and withdraw flie rejections of remailTing 
claims 1-8 and allow all pending claims presented herein for 
reconsideration. Favorable action with an early allowance of the 
claims pending in this application is earnestly solicited. 

The Examiner is welcomed to telephone the undersigned attorney 
if she has any questions or comments. 



Respectfully submitted. 
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Spinal muscular atrophy (SMA) is an autosomal recessive disease 
characterized by degeneration of the anterior horn cells of the 
spinal cord, leading to muscular paralysis with muscular atrophy. 
No effective treatment of this disorder is presently available. 



Studies-of-the-correfation-between disease severity and the 
amount of survival motor neuron (SMN) protein have shown an 
mverse relationship. We report that sodium butyrate effectively 
increases the amount of exon y-containing SMN protein in SMA 
lymphoid cell lines by changing the alternative splicing pattern of 
exon 7 in the SMNl gene, tn vivo, sodium butyrate treatment of 
SMA-like mice resulted in increased expression of SMN protein in 
motor neurons of the spinal cord and resulted in significant 
improvement of SMA ci'inlcal symptoms. Orai administration of 
sodium butyrate to intercrosses of heterozygous pregnant knock- 
out-transgenic SMA-like mice decreased the birth rate of severe 
types of SMA-like mice, and SMA symptoms were ameliorated for 
all three types of SMA-like mice. These results suggest that sodium 
butyrate may be an effective drug for the treatment of human SMA 
patients. 

proximal spinal muscular atrophy (SMA) is an autosomal 
I recessive disease characterized by degeneration of anterior 
horn cells of the spinal cord, leading to muscular paralysis with 
muscular atrophy. Clinical diagnosis of SMA is based on findings 
of progressive symmetric weakness and atrophy of the proximal 
muscles. Affected individuals usually are classified into three 
groups according to the age of onset and progression of the 
disease. Children witfi type I SMA are most severely affected and 
usually have SMA symptoms before the age of 6 months and 
rarely live beyond 2 years. Type 11 and type III SMA are milder 
forms and the age of onset of symptoms varies between 6 months 
and 17 years. SMA is one of the most common fatal autosomal 
recessive diseases in children with a carrier rate of 1-2% in the 
general population and an incidence of 1 In 10,000 newborns (1) 
No specific treatment is currently available for SMA patients. 

Two sur>'i\'al motor neuron (SMN) genes {SMN) are typically 
present on 5q]3: SMNl falsn icnnwn <rA.f\'T cJl^^„„/^ „„j 
j/vj/v/ ^aiso Known as SMN"-, SMNcen). Loss-of-function muta- 
tions of both copies of the telomeric gene, SMNl, are correlated 
with the development of SMA (2-5). The nearly identical 
ccntromeric gene, SMNl, appears to modify disease severity in 
a dose-dependent manner, as SMN protein levels from this gene 
are correlated with disease severity (6, 7). However, the ex- 
pressed amount of intact SMN protein from SMN2 does not 
provide adequate protection from SMA (8). 

Although SMNl and SMN2 encode identical proteins, all 
three forms of proximal SMA are caused by mutation in the 
SMNl gene, but not in the SMN2 gene (2-5). The differences 
between these highly homologous genes are in their RNA 
expression patterns (9-12). Most SMN2 transcripts lack exons 3 
5, or most frequently. 7, with only a small amount of full-length 
mRNA generated. On the other hand, tlie SMNl gene expresses 
mostly a full-length mRNA, and only a small fraction of its 
transcripts are spliced to remove exons 3, 5, or 7 (11, 12). Recent 
studies also have shown that an AG-rich exonic splice enhancer 
in the center of SMN exon 7 is required for constitutive inclusion 



of exon 7 (13). These findings also imply that the low levels of 
full-length SMN protem produced by SMm are insufficient to 
protect against disease development (6, 7). Clearly, the total 
amount of full-leng th oli gomerizationzcompetenuSMN-protein 



IS a cntical SMA determinant, and the amount of SMN protein 
correlates with the severity of pathologies (14). In addition, there 
IS a strong correlation between the SMN2 copy nimiber and 
phenotype m human SMA and SMA-like mice (5-7 15 16) 

We recently developed a SMA mouse model that genotypi- 
cally and phenotypically mimics human SMA (15). The severity 
of pathology m the knockout-transgenic mice is correlated with 
'.,.1'"''""' '"''I'^f SMN protein. The difference between 
AMi\i and SMN2 gene expression is the number of full-length 
transcnpts and the amount of SMN protein, and all 5q-linked 
SMA patients have at least a single intact copy of SAW^ Drugs 
that modify the pattern of SMN2 transcript iri SMA patients to 
increase full-length SMN mRNA expression and the amount of 
SMN protein may have a therapeutic effect on SMA patients As 
a step toward designing a therapeutic protocol for SMA patients 
we used Epstein-Barr virus-transformed lymphoid cell lines 
from SMA patients to saeen a series of drugs for their possible 
effect on the expression of the SMN2 gene. One drug that was 
found to be effective was then used to treat our SMA-like mice 
to determine its potential for the treatment of human SMA. 

SR proteins (Ser-Arg proteins) constitute a family of pre- 
mRNA splicing factors that are highly conserved throughout the 
metazoa (17, 18). These proteins have multiple functions in 
splicing. Biochemical experiments have provided strong evi- 
dence that SR proteins play essential roles in general or 
constitutive, splicing. They seem to be equally important in 
splicing regulation, through their ability to modulate selection of 
alternative splicing sites in a concentration-dependent manner 
which contributes to activation (and repression) of splicing 
through interaction with elements in the pre-mRNA known as 
splicing enhancers (or silencers) (19-21). Recently, Lorson and 
Androphy (13) demonstrated that an AG-rich exonic splice 
enhancer in the center otSMN exon 7 is required for inclusion 

Mtra2-fjl, an SR-like splicing factor, promoted the inclusion of 
SMN exon 7, stimulating full-length SMN2 expression. Htra2-fil 
specifically functioned through and bourfa to an AG-rich exonic 
sphcmg enhancer in SMN exon 7 (22). In the present study, we 
have explored the relationship between the drug's effect and SR 
protein. 

Materials and Methods 

Cell Culture. We established Epstein-Barr virus-transformed lym- 
phoid cell lines from different SMA-type patients (five cases 
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each for types 1, 11, and III) with deleted SMNl genes by using 
the following procedures (4). Lymphocytes were collected from 
whole blood of patients by Ficoll hypaque separation. The buffy 
coat was collected and washed twice with 5 ml PBS. The pellet 
was resuspended in 5 ml RPMI medittm containing ml 

P.n^tp.in— Rarr viriic ^0 iil nhvtnh/»mnotrIiitinin fO ^ mo/mW nnH 
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50 fti cyciobporine (0.2 mg/ml). Ceils were incubated at 37°C 
with 5% CO2 until they became viable. 

Mice. Five independent human SMNl gene transgenic mice were 
generated and crossed witli mice heterozygous for the Smn locus 
knockout. Transgenic mice that were also homozygous for the 
knockout alleles {Smn~'~ SMNl) were then generated by cross- 
ing with the above mice. These knockout-transgenic mice de- 
-veloped-progressive-molor-neuron-disease-similar— to-that-in- 
huraan SMA patients. The SMA-like mice were classified into 
three groups based on their phenotypes, which were judged by 
three authors (J.-G.C, H.-M.H.-L., and H.L.). Mice with the 
most severe pathological form (type 1) did not develop furiy hair 
and died before postnatal day 10; ituce with intermediate 
severi ty (type 2) showed poor activity and variable symptoms and 
died at •»2-4 weeks; the type 3 mice survived and bred normally, 
but had short and enlarged tails (15). SMA-like mice (nonpreg- 
nant and pregnant) were supplied -with sterile water ad libitum, 
and rodent pellets. The sodium butyrate-treated group received 
sodium butyrate at a concentration of 0.8 mg/ml or 8 mg/ml in 
distilled water (with no other substances added), beginning 
immediately after diagnosis or after 15 days of gestation in 
SMA-like pregnant mice. Both groups consumed =5-10 ml per 
day per moiLse. After 1-12 weeks of treatment, the mice were 
killed, and their organs or tissues were quickly removed and 
frozen in liquid nitrogen. 

Reverse Transcriptase-PCR (RT-PCR) Analysis. RT from total RNA 
was performed by using a random primer 5'-TNto-3' and Molo- 
ney murine leukemia virus RT. PCR was then used to amplify the 
single-stranded cDNA by using one or three pairs of primers 
covering the entire SMN coding region. The first primer pair 
used to amplify the fragment from the 5' untranslated region to 
exon 4 was: forward primer, PI, 5'-CGCTGCGCATC- 
CGCGGGTTTGCTATGGC-3' and reverse primer, P2, 5'- 
TCCCAGTCTTGGCCCTGGCAT-3'. The second primer pair 
used to amplify exons 4-6 was: forward primer, P3, 5'- 
AACATCAAGCCCAAATCTGC-3' and reverse primer, P4, 
5 ' -GCCAGTATG ATAGCCACTCATGTACCATG-3 ' . The 
third primer pair amplified from exon 6 to exon 8 was: forward 
primer, P5, 5'-CTCCCATATGTCCAGATTC-TCTTGAT- 
GATGC-3' iind reverse nriiner. P6. 5'-ArTGCGTCArr:Ar;- 
CU lGC:i UG-3'. PI and P6 were used to amplifj' the full-length 
SMN cDNA. The PCRs were performed as described (15). 

Subcellular Fractionation. Fresh frozen spinal cord, brain, and 
skeletal muscle samples (500 mg) from different types of SMA 
mice were fractionated as described (15). Tissues were homog- 
enized with a tight-fitting glass pestle in ice-cold buffer A (10 
mM Hepes, pH 7.9/10 mM KCl/0.1 mM EDTA/0.1 mM 
EGTA/1 mM DTT/0.5 mM PMSF/2 fig/ml leupeptin/2 /i,g/ml 
pepsiatin) with 0.5% Nonidet P-40 and kept on ice for 15 min. 
The nuclei were pelleted by centrifugation at 800g for 3 min. The 
nuclear pellet was resuspended by trituration in 100 pil of buffer 
B (20 mM Hepes, pH 7.9/0.4 M NaCl/l mM EDTA/1 mM 
EGTA/1 mM DTT/1 mM PMSF/2 ^g/ml leupeptin/2 ^j.g/ml 
pepsiatin) and kept on ice for 15 min followed by centrifugation 
at 15,000 g for 10 min at 4°C. The supernatant (soluble nuclear 
e.<tract) was removed, and the insoluble nuclear pellet was 
further sonicated in sonication buffer (100 mM Tris-HCl, pH 
7.4/1% SDS/5 mM EDTA/1 mM DTT/1 mM PMSF/2 Mg/ml 
leupeptin/2 /ig/ral pepstatin). 



Western Blot Analysis and Histopathological Analysis. Synthetic pep- 
tides containing part of human SMN exon 7 (amino acids 
279-288) and exon 2 (amino acids 72-84) were used to immunize 
rabbits and to purify specific antibodies (H2 and H7) from rabbit 
crude sera with an EAH-Sepharose 4B column (Aroersham 
PhnrrrtriQig \ 3ccording to thc r!iun!jj'uCtuT&r's iivst met ions Two 
mouse anti-SR protein antibodies (anti-SRp20 and 16H3), pur- 
chased from Zymed, were used to detect the human SR proteins. 
Protein samples were loaded on a 5% polyacrylamide stacking 
gel above a 12% separating gel, and the gel was run with a 
discontinuous buffer using Laemmli's method. After electro- 
phoresis, proteins were tran.sferred electrophoretically to poly- 
(vinylidene difluoride) membranes (Millipore). After the trans- 
fer, the membranes were blocked in TEST (50 mM Tris-HCI, pH 
-7.5/-150-mM-NaGl/0=05%-Twecn-20)eontaining-4%-BSA-for-2-h 
at room temperature. Blots were incubated with adequate 
dilution of anti-SMN exon 2 (H2), anti-SMN exon 7 (H7), or 
anti-SR protein antibodies in TJBST for 2 h at room temperature. 
The blots were washed for three 20-rain periods in TBST and 
then incubated with a 1:32,000 dilution of an anti-rabbit IgG 
alkaline phosphatase conjugate (Sigma) in TBST for 1 h at room 
temperature. The reaction was detected by adding 1.5% 5-bro- 
nio-4-chloro-3-indoyl phosphate and 3% nitro blue tetrazolium 
in a developing buffer (100 mM NaCl/5 mM MgQa/lOO mM 
Tris-HCI, pH 9.5). Histopathological analysis and iramunohis- 
tochemical staining were performed as described (15). 

Statistics. The intensity of the RT-PCR products containing exon 
7, lacking exon 7, or SMN and tubulin in Western blot were 
analyzed by thc Collage Image Analysis System to calculate the 
ratio of these products (12). Results from multiple experiments 
are expressed as mean ± standard error. Survival data of treated 
and imtreated mice are presented as a Kaplan-Meier plot using 
the log rank test. A standard x' test was used to assess differences 
in the frequency of mild or severe phenotype in the SMA-like 
mice bom from treated and untreated mothers, which analyzed 
the percentage of type 1 (or 2 4- 3) newborn mice as a fraction 
of the total number of pups. Differences with a P value of <0.05 
were considered statistically significant. 

Results ^ 

Sodium Butyrate Changes the Processing of SMNl Gene Transcripts. 

Epstein-Barr virus-transformed lymphoid cell lines from all 
three types of SMA patients were established and used for drug 
screening. Several drugs were tested to investigate their potential 
effect on the expression of the SMNl gene by using RT-PCR. 
Among them, sodium butyrate was able to change the expression 

n^rtpm of rhe SMN7 nf'nc Thf ftTTtnnni fyf evon 7-r^r\TiipiTiinfT 

S'A^A' mRNAs increased in lymphoid cells cultured with 5 ng/ml 
to 500 fxg/ml of sodium butyrate (Fig. la). The maximal effect 
Wits found after 4 h of stimulation (Fig. lb). Sodium butyrate- 
treated lymphoid cells from all types of S^A patients showed an 
increased number of full-length SMA' transcripts (Fig. Ic). To 
understand the mechanism involved in this change in full-length 
SMN iranscript levels, separate RT-PCRs were used to examine 
the patterns of allematrve splicing in exons 3, 5, and 7. We found 
that the alternative splicing pattern of exons 3 and 5 was 
unchanged after sodium butyrate stimulation (Fig. 1 i/ande), but 
that the alteniative splicing pattern of exon 7 of the SMNl gene 
changed to the SMNl pattern (Fig. If). Therefore, addition of 
sodium butyrate in the culture resulted in an increased number 
of full-length SMN mRNA transcripts. 

Sodium Butyrate Increases Exon 7-Contalning SMN Protein in SMA 
Lymphoid Cells. To determine whether sodium buty rate-induced 
expression pattern changes of SMNl resulted in an increased 
amount of exon 7-containing SMN protein, we used different 
concentrations of sodium butyrate to treat the lymphoid cell 
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oLomf ^th S«T ^'^'1'^°"'^^ expression of the humanSMW2 gene in lymphoid cell lines of SMA patients with SMN7 deletion, (a) RT-PCR analyses 
n^r^koVth , thattheexon 7<onta,n,ng transcript was increased with S ng/ml to 500 ^/ml sodiurr, butyrate treatment. Quantitative 

?m f , 2 2 transcript is shown on the right, in which the ratio of exon 7 inclusion to exon 7 exclusion is indicated (mean - SD; n = 3) W 

< ,Tl tr^l<^ ,'■ ^ " 7 exclusion. (« The SMA lymphoid cell lines were treated with sodiun, butyrate for 1 2 3 4 8 2Z. 

"^^^'^ 7-containing transcript is shown on the right (mean £ SD; n = 3). (c) RT-PCR amplification of whole cDNAs (exons 

h?sM/.T ^^'if t'""' °* '""^ ^"^^ ^""-'^"9^^ °' very similar to the tra^ o 

RT P«^nr. "T' " ;"Tr^ r.'^ °' ^"^^ ^P^^'" ""t^^^^-^^ +• t^^t^",- C, normal), (d-fl 

RT-PCRanalysesof exons 1-4 (cy^4-6Ce),and6-8(f)forSMW2geneexpressionshowedthat only thetranscript pattern of exon^ 
spiiang. Tnere was no change for exons 3 and 5. 



lines (three cases each for types I, II, and III) established from 
different types of SMA patients. In both c>'tosolic and nuclear 
fractions. Western blot analysis indicated that sodium butyrate 
also increased the intact SMN protein after 4-h stimulation with 
0.5 ng/ral to 500 /ng/ml of sodium butyrate (Fig. 2). However, a 
decreasing effect was found in the cytosolic fraction when more 
than 5 jig/ml sodium butj-rate was used. 

Sodium Butyrate Increases Specific SR Proteins In SMA Lymphoid Cell 
Lines. SR proteins are known to play an important role in the 

studies have identified a splicii^ erSancer element in exon 7 of 
the SMN gene (10, 13). To investigate sodium butyrate-induced 
expression pattern changes of SMN2 involving the SR protein, 
we used different antibodies for SR proteins to detect SR protein 
expression patterns after sodium butyrate treatment. The results 
showed that two SR proteins of about 27 kDa were uiduced after 
treatment, which were detected by using mouse anti-SR protein 
16H3 antibody. However, no difference was found by using the 
mouse ajiti-SRp20 antibody (Fig. 3a). These induced SR protein 
reactions were blocked by cither a specific mitogen-activated 
protein kinase inhibitor (PD9S059) or an inhibitor of protein 
phosphatases (okadaic acid) (Fig. 3b). All lymphoid cell lines 
(three cases each for types I, IT, and III), which were established 
from different types of SMA patients, showed similar results. 

Treatment of Types 2 and 3 SMA-Like Mice with Sodium Butyrate. To 

investigate whether the in vitro effects of sodium butj'rate on 
lymphoid cell lines also occur in SMA-like mice in v/vo.'we used 
sodium butj'rate to treat types 2 and 3 SMA-like mice (15 mice 



each). Sodium butyrate was administered to SMA-like mice via 
a 0.8 mg/ml or 8 mg/ml solution available ad libitum in their 
drinking water for 1-12 weeks. The amount of sodium butyrate 
consumed by SMA-like mice was estimated to be »»4-80 rag/ 
day. The sodium butyrate-treated type 2 SMA-like mice survived 
4-5 days longer than the untreated ones (Fig. 4). Some of the 
treated type 2 mice ultimately died from infection caused by 
traumatic injury of the paralytic hindlimbs. 
Our previous study showed that tails of untreated tj-pes 2 and 

.3 SMA-iiV'e rn'r*e finH H^rr^^iqpH Ht^^^^*-^*-*' /^p i-i.,, — 

atrophy of muscle bundles, group atrophy, and subcutaneous 
edema (15). In the present study, after sodium butyrate treat- 
ment, the tails of types 2 and 3 SMA-lite mice showed nearly 
normal muscle patterns. Grossly, the tails of treated mice were 
slightly shorter than normal, and treated mice rarely developed 
chronic necrosis from tlie tip of the tail toward the root (2% for 
the treated group vs. 50% for the untreated group). Histopatho- 
logically, the tails of treated mice had few atrophied muscle 
bundles, and group atrophy and subcutaneous edema were rarely 
present (Fig. 5). Western blot analysis showed that the exon 
7-containing SMN protein level was elevated in different tissues, 
including motor neurons of the spinal cord (Fig. 6 a and b). 
Immunohistochemical studies showed that both exon 2-contain- 
ing (Fig. 6 c and d) and exon 7-containing (Fig. 6 e and/) proteins 
were increased, which may have resulted from an increase in the 
total amount of intact SMN protein. Because the severity of the 
pathological changes in SMA patients and SMA-like mice is 
correlated with the amount of intact SMN protein present in the 
spinal cord (6, 7, 15, 16), the effect of oral sodium butyrate, 
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Fig. 2. Effects of sodium butyrate on the expression of the human SMN 
protein in lymphoid cell line of a representative SMAtype I patient. (Upper) 
Western blot analysis showed a gradual increase in exon 7-containing SMN 
protein expression in nuclear fraction after 0.5 ng/ml to 500 jig/ml sodium 
butyrate treatment. The amount in the cytosolic fraction decreased with 
increasing doses (5, 50, and 500 /xg) of sodium butyrate. (Lower) Quantitative 
analysis of SMN and tubulin ratios are shown. The control represents an 
untreated SMA control. 



particularly in the spinal cord, may be of therapeutic value for 
SMA patients. 

We also used 15 mg/day and 40 mg/day sodium butyrate 
solution for the treatment and found no definite toxicity at 16 
mg/ day sodium butyrate treatment, whereas mice that received 
40 mg/ day sodium butyrate treatment died because of dehydration. 

Treatment of Intercross Heterozygous Knockout-Transgenic Mice af- 
ter Pregnancy. Because the survival time of type 1 and some type 
2 SMA mice is short, evaluation of the therapeutic effect of 
sodium butyrate is difficult. To overcome these problems, 
sodium butyrate (4-80 mg/day) was administered ad libitum in 
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Days after sodium butyrate treatment 

fig. 4. Survival time of type 2 SMA-like mice after sodium butyrate treat- 
ment shown in a Kaplan-Meier survival curve. Sodium butyrate was added to 
the drinking water after diagnosis of type 2 SMA-like mice that showed poor 
activity after postnatal day 10; IS mice were left untreated (red), and 15 mice 
were treated with sodium butyrate (green) from diagnosis to death. The type 
2 SMA-like mice treated with sodium butyrate lived significantly longer than 
those in the untreated SMA control group (P = 0.0004). Treated group: 
mean = 21.7 days, range = 14-30 days; untreated group: mean = 15.5 days, 
range = 13-20 days. 



drinking water to pregnant Smn*'-SMN2 intercrossed mice, 
which had previously produced offspring of different types of 
SMA progeny, especially the severe form (15). Sodium butyrate 
treatment began on the 15th day postcoitum to avoid a possible 
teratogenic effect. A total of 21 pups with type 1, 22 with type 
2, and 48 with type 3 were bom from the treated group; and 35 
pups with type 1, 17 with type 2, and 38 with type 3 were bom 




Fig. 3. Effects of sodium butyrate on the expression of human SR proteins in 
the lymphoid cell line of a representative SMA type I patient, (a) Western blot 
analysis showed two SR proteins («) were induced after 500 ng and 5 ^tg 
sodium butyrate stimulation, which were detected by mouse anti-SR protein 
mAb (6H3), but no difference was found by using mouse anti-SRp20 mAb. (b) 
The induced SR proteins (») disappeared after adding mitogen-activated 
protein kinase inhibitor PD98059 or phosphate inhibitor (okadaic acid), and 
the expression pattern of SMW2 also changed to untreated status. The control 
represents an untreated SMA control. 



Fig. 5. Histological analysis of a type 3 SMA-like mouse after sodium 
butyrate treatment. (aJ-aJ) Normal control. (iJ-fa3) Type 3 SMA-like repre- 
sentative mouse after sodium butyrate treatment. (cl-c3) Type 3 SMA-like 
representative mouse with no treatment. Cross sections of tails were stained 
with hematoxylin and eosin (x40 for a J, 67, and cJ; x 1 00 for a2 and b2; X400 
for c2, a3, b3, and <3). The tails of sodium butyrate-treated mice had a few 
regions of muscular bundle atrophy but no subcutaneous edema (b1-b3). The 
tails of untreated mice had severe muscular bundle atrophy (cJ and c3), 
thrombus in the vessel walls due to muscular atrophy, resulting in venous 
blood stasis (c2, arrow), and mild subcutaneous edema (c?) compared with 
normal controls (a J-a5). 
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Fig. 6. Expression of human exon 7-containing SMN protein in types 2 and 
3SMA mice aftersodium butyrate treatment, (a) Western blotanalysis of exon 
7-containing SMN protein (detected by SMN H7 antibody) in cytosolic (O and 
nuclear (N) fractions from different tissues. The exon 7-containing SMN pro- 
tein in treated mice was increased In skeletal muscle (SK. Muscle) and spinal 
cord (SP. Cord) after sodium butyrate treatment, especiafly in the nuclear 
fraction, compared with untreated types 2 and 3 mice. (6) Control Incubation 
was performed with an anti-a-tubulin antibody to determine the relative 
amount of SMN protein aubulin). (c-f) Immunohistochemical staining of 
anterior horn cells of the spinal cord showed an increase of SMN protein in 
motor neurons of type 2 SMA-liice mice after sodium butyrate treatment, (c) 
Untreated (H2 antibody). (oO Treated (H2 antibody), (e) Untreated (H7 anti- 
body). (/) Treated (H7 antibody). Arrow: motor neuron. 

from the untreated group (Table 1 ). These results show that 
treatment with sodium butyrate from day 15 of pregnancy 
significantly ameliorated the clinical symptoms of the severe 

I — i_jrpv» tji oiviin. Ill oiispnng 

(Table 1). In addition, fewer SMA-like mice were bom in the 
untreated group, which may have been due to some severe-t>pe 
mice being aborted in the fetal stage or eaten by their mothers 
after birth, and thus remaining uncounted. 

Table 1. Phenotype comparison and statistical analysis between 
pups from sodium butyrate-treated and nontreated 
mothers (control) 



Discussion 

The amount of exon 7-containing SMN protein has been shown 
to be an inverse indicator of disea.se severity in SMA patients and 
mice (6, 7, 15, 16). Therefore, increasing the expression of intact 
SMN protein may have clinically therapeutic effects on SMA 
patients. In this study, we found that sodium butvrate treatment 



Mouse 


Sodium butyrate 


Control 


Litters 


32 


46 


Total pups 


294 


364 


Type 1 


21 


35* 


Type 2 


22 


17 


Type 3 


48 


38 



•• P < 0.05 for statistical analysis of type 1 and type 2 + 3 between treated 
and untreated groups. 
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exon 7-containing SMN protein from the SMN2 gene. The 

mechanism by which sodium butyrate affects SMN protein 

expression of the SMN2 gene involves a change in its RNA 

splicing pattern of the gene. After sodium butyrate stimulation 

in vitro and in vivo, the transcription pattern of SMN2 changed 

to an SMNI-\ik& transcription pattern, which was nearly identical 

to the SMN pattern in healthy individuals. These findings may 

— have im portant_implications-regarding-the-treatmcn^of-SMA 
patients. 

Sodium butyrate has been shown to induce differentiation and 
apoptosis (23, 24). There is evidence that sodium butyrate may 
act at the transcription level by increasing the acetylation of 
histones, thereby releasing constraints on the DNA template and 
reactivating a number of genes (25, 26). Sodium butyrate also 
increases the expression of fetal-globin genes in adult baboons, 
humans, and other animals C27-2'>^ fn 

tyrate delay the developmental switch from y- to jS-globin gene 
expression in sheep fetuses (29). These effects of butyrate may 
occur through the inhibition of histone deacetylase (25, 26, 29, 
30). In the case of SMN, sodium butyrate may acetylate'nucleo- 
somal DNA and release other factors that control alternating 
splicing of exon 7 of (he SMN2 gene. 

We demonstrated that sodium butyrate induced two specific 
SR proteins involved in inclusion of exon 7 for full-length SMN 
expression of the SMN2 gene. These reactions were blocked by 
either the mitogen-activated protein kinase inhibitor or a phos- 
phatase inhibitor. Our results strongly support that SR proteins 
are involved in SMN2 exon 7 inclusion after sodium butyrate 
treatment. 

Approximately 15% of all mutations that cause genetic dis- 
eases resiilt from the defective splicing of pre-mRNA (31). A 
number of these mutations do not alter consensus splice sites or 
generate missense or nonsense mutations, yet do affect splice 
site selection (32, 33). These mutations may cause skipping of 
exon(s) by disrupting the splicing enhancer(s). Our findings 
suggest that an approach similar to that used in our study may 
be effective in treating these kinds of genetic diseases as well. 

Most SMA patients gradually develop clinical s>'raptoms after 
birth. We previously demonstrated that the SMN2 in SMA-like 
mice expressed only a decreased or nearlv norma! itmonnr of 
iiiiiiti ojvny procem m most tissues, except in motor neurons (15). 
This is why SMA is a disease that directly affects only the motor 
neurons. The motor neuron-specific splicing factors regulating 
the inclusion/exclusion of exon 7 in the fetal stage, which are 
shut down in the spinal cord after birth, may accoimt for tlie 
specific defect present in SMA. These factors also may play an 
irnportant role in genotypic and phenotypic discrepancies. So- 
dium butyrate inhibits the deacetylation of these phenotype- 
related genes, modifying the clinical sj'mptoms of SMA 'in a 
fashion similar to the mechanism involved in fetal hemoglobin 
gene expression (25, 26, 30). However, there is a major differ- 
ence between modification of the y-globin gene and the SMN2 
gene after butyrate reaction. The transcription of the SMN2 gene 
is modified through the alternative splicing of exon 7 rather than 
directly through the inhibition of histone deacetylation. Gene 
modification after sodium butyrate treatment not only increased 
the transcription ofSMN2, but also changed the splicing pattern 
of exon 7 of SMN2 whereas the splicing pattern of exons 3 or 5 
remained unchanged. This may be caused by Uie influence on 
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exon 7 inclusion of specific SR proteins that are induced by 
sodium butyrate treatment. 

Sodium butyrate and related compounds have been used 
clinically to treat patients with sickle cell anemia and thalassemia 
for several years (34, 35). The pharmacokinetics and toxicities of 
sodium butyrate are well documented; its toxicity is low and has 
been well tolerated in both h uman and animal stu'^i'^* ^"^^ -^"7^ 
Our findings suggest that sodium butyrate is an excellent can- 
didate for the treatment of human SMA. In the present study, 
although sodium butyrate had a therapeutic effect on SMA 
symptoms, a number of severe types of SMA mice were bom to 
sodium butyrate-treated pregnant mice and a few type 2 mice 
showed poor response after sodium butyrate treatment. This 
may have been due to incomplete treatment, or because the 
increase in the amount of intact SMN protein after treatment 
_was_unable-to-sufficiently-CGrapensate-to-prGvide-the-minTmal- 
requirement for motor neuron survival. It is also possible that the 
timing of treatment was" too late after day 15 of pregnancy. 

In summary, SMA lymphoid cell lines and SMA-like mice 
were used to explore possible medication for the treatment of 



human SMA in this study. We found that sodium but-rate can 
effectively treat SMA-like mice by changing the "expression 
pattern of SMN2 and increasing the amount of full-length 
mRNA of SMN2 both in vitro and in vivo. The methods devel- 
oped in this study may be useful in screening other candidate 
drugs for SMA treatment. We also demonstrated that the 
mechanism of action of sodium butyrate involves a modification 
of the splicing of exon 7 of the SMm gene under the regulation 
of SR proteins. This study shows that a deacetylase inhibitor can 
specifically modulate a disease-related defect gene to change its 
expression pattern, resulting in amelioration of the related 
symptoms. Our methods also may provide a useful approach for 
the treatment of other splicing defect-related diseases (31, 38). 
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Abstract. Gaucher disease is an autosomal recessive 
trait and the most common lysosomal storage disease. 
The pathogenesis evolves from the diminished activity of 
the lysosomal hydrolase, acid )S-glucosidase and the 
resultant accumulation of glucosylceramide within lyso- 
somes. The pathogenic mechanisms are poorly under- 
stood. During the past 2 decades, progress has been made 
in understanding the biochemical basis and molecular 
biology of the disease, but more fiindamental knowledge 



is required to relate these advances to the cell and whole 
body phenotypes. Despite this lack of understanding, 
enzyme replacement therapy has proved a successful and 
effective management for Gaucher disease. However, 
basic details of this therapeutic efficacy require elucida- 
tion. Here, we review the current state of the molecular 
pathogenesis and provide our perspective of some major 
issues for continued advances in this prototype lysosomal 
storage disease. 



Key words. Glucosidase; glucocerebrosidase; glucocerebroside; glycosphingohpid; macrophage; chitotriosidase; 
cytokines; enzyme therapy; gene therapy. 



Introduction 
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described a neurologically normal 32-year-old female 
with massive hepatosplenomegaly [1]. He thought her 
disease was an epitheloma of the spleen because of the 
presence of peculiar cells in that organ (fig. lA). In 1901, 
Brill recognized the systematic and familial nature of the 
disease and coined the term 'Gaucher's disease'. In 1907 
the biochemical nature of Gaucher disease was recognized 
and, later, Aghion [2] characterized the storage material as 
glucosylceramide (GC). Since that time, much of the 
phenotypic diversity of Gaucher disease has been delin- 
eated, particularly the recognition of neuronopathic vari- 
ants and variation within the defined types [3-6]. 
The disease encompasses a heterogeneous group of 
disorders with highly variable phenotypes caused by the 
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defective lysosomal hydrolysis of GCs and related glu- 
cosphingolipids. Brady and co-workers, and Patrick iden- 

enzymatic defect in Gaucher disease [7,8]. Later, this 
enzyme was shown to be a ^-glufosidase [9]. The com- 
plementary DNA (cDNA) and gene were characterized, 
and about 200 mutations at this locus on humcin chromo- 
some Iq 21-23 have been found in Gaucher disease 
patients [3]. Although an uncommon metabolic disorder, 
Gaucher disease is the most common lysosomal storage 
disease, with an estimated birth frequency of 1 /50,000 in 
the Caucasian population [10]. The disease is panethnic 
and has its highest prevalence in the Ashkenazi Jewish 
population. The past 2 decades have witnessed much 
progress in understanding of biochemical and molecular 
basis of the disease, and their association with clinical 
presentation. Major advances include the availability of 
safe and effective enzyme therapy as a prototype for other 
such intracellular protein deficiency diseases. This re- 
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view will provide an overview of some of the outstanding 
issues in understanding Gaucher disease as a prototype 
for other monogenic diseases due to enzyme deficiencies. 
Detailed reviews of the clinical and biochemical aspects 
of this disease are available [3, 11-16], 



Clinical and pathologic features 
Clinical presentation 

Development of perspectives on the cellular, biochemical 
and molecular aspects of Gaucher disease requires some 
insight into the _clinical_and pathologic-phenotypes.- 



Gaucher disease is classically divided into tliree variants 
based on the absence or presence and progressivity of 
neuronopathic disease [3, 6]. Table 1 presents a current 
summary of Gaucher disease classification. However, 
extensive variability exists within each phenotype, and 
the spectrum of involvement is great within each type. All 
variants have differing degrees of enlargement of the liver 
and spleen, anemia, thrombocytopenia and skeletal dis- 
ease. These can range from very severe to mild within 
each type, although the rate of progression generally is 
greater in younger patients. Also, the degrees of \asceral 
organ involvement are not concordant in patients. For 
example, massive involvement of the liver and spleen is 
not necessarily accompanied by severe bony disease. The 
reverse also is true. In addition, this classification is not 
age dependent, but depends on the primary involvement 
of the CNS by Gaucher disease at any age. 
Gaucher disease type 1 patients are free of primary CNS 
involvement. TTie variability of tlie phenotype of visceral 
manifestations ranges from severe fatal disease in the 
first 2 decades to essentially asymptomatic nonagenari- 
ans. Gaucher disease types 2 and 3 have primary CNS 
neuronopathic involvement. Types 2 and 3 represent a 
continuum of disease phenotypes tliat differ, primarily in 
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their rates of CNS and visceral disease progression. This 
continuum encompasses phenotypes leading to death in 
utero, or in the first few days of life, to rapidly progressive 
CNS and visceral diseases that are fatal in the first years, 
to more slowly progressive (yet severe) CNS (with mild to 
severe visceral disease) deterioration over a period of 2— 3 
years to decades [17-21]. For the neuronopathic variants, 
the brainstem and cranial nerve nuclei are variably in- 
volved, but eye movement abnomtalities generally are the 
first findings. Brain stem (bulbar) findings predominate 
in the type 2 variants, but oculomotor apraxia may be the 
only finding in the type 3 variants for many years. Clini- 
-Gally-the-distinetiGns-behveen-types-2-(acute-neuroii(F~ 
pathic) and 3 (subacute neuronopathic) are useiul and 
have therapeutic import. Biologically, the distinctions may 
relate more to rate of substrate accumulation than qualita- 
tive mechanistic differences. 



The gaucher cell 

The presence of Gaucher cells in various tissues is the 
hallmark of tliis disease (fig. 1 A). The Gaucher cell results 
from the accumulation of excessive glucocerebrosides in 
lysosomal compartments of monocyte/macrophage de- 
rived cells. Histologically, Gaucher ceils are enlarged 
macrophages (up to 100 pm) with cytoplasmic Knear 
inclusions. Ultrastructurally, diese inclusions are tubule- 
like stnictures that contain GC (fig. 1 B), i.e., the stored GC 
and phospholipids (-90%) and about 0.3% protein [22]. 
Ultrastructural studies of monocytes from Gaucher patients 
also show smaller membrane-bound tubule-Uke structures 
similar to tliose in Gaucher cells. These results mdicate that 
monocytic cells are precursors of tissue-bound Gaucher 
cells [23]. The relationship of the accumulation of these 
cells to the overt clinical findings is not clear. For example, 
in some Gaucher disease patients, the Uver and spleen may 
exceed 25 % of body wei^t (normal < 3 % of BW), but GC 
does not account for this excess mass. Normal tissue com- 

noncnfs with "fiKmcic nnn rvarp»nf^f>T»-rtiT 

found, and may be a reaction to the Gaucher cells or the by- 
products of tissue iiijury Thus, growth of normal tissue and 
reaction to the Gaucher cells requires ejqjlanation. The evo- 
lution of differential gene expression and pathologic 
response in these involved tissue and from Gaucher cells 
remains a fertile area for research. 

The relationships of Gaucher cells to cortical bone loss (os- 
teopenia and osteoporosis) and bone marrow disease are 
even more obscure. Necrosis, fibrosis and Gaucher cell in- 
filtration account for some of this pathology, but hyperemia 
and ischemia also may be critical. A recent study showed 
increased cathepsin K expression in Gaucher cells [24]. 
This protein has high-level expression in osteoclasts, a cell 
to which its expression is restricted. Cathepsin K has roles 
in bone resorption, modeling and turnover [25,26]. This 
protease and other cytokines overexpressed by Gaucher 
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cells (macrophage) may prove important to the pathogene- 
sis of architectural bone disease in Gaucher patients. 
Unlike visceral tissues, the CNS disease in the type 2 and 
3 variants does not derive from accumulations of Gaucher 
cells nor large amounts of GC storage. Histologically, the 
major consistent finding has been the progressive loss of 
neuronal cells [27-31]. Gaucher-like glial derived cells 
are present within brain substance, but their numbers are 
not great and this finding is inconsistent. In comparison 
with GC, the accumulation of the GC-deacylated ana- 
logue, glucosylsphingosine, is greatly increased and has 
been proposed to be a toxic agent leading to neuronal tox- 
icity [32-34]. These findings indicate that the funda- 
mental pathophysiology in the CNS and visceral tissues 
differs significantly. 



Cytokines 

The accumulated GC and glucosylsphingosine have been 
suggested to activate macrophages and induce inflamma- 
tory responses by releasing cytokmes. Immunohistochem- 
ical studies of bone marrow biopsies aiid spleens of pa- 
t.uiiLo wmi vjaucner aisease ana chronic myeloid leukemia 
showed similar origins of Gaucher cells and pseudo- 
Gaucher cells, respectively. In particular, human leukocyte 
antigen (HLA)-DR antigens are expressed at higher levels 
in Gaucher cells compared with pseudo-Gaucher cells 
[35]. This level of expression suggested that cytokines 
might be increased in the Gaucher cell or in surrounding 
cells that interact with these macrophages [36]. Indeed, in- 
terleukin (IL)-6 and IL-IO are elevated in sera from pa- 
tients with Gaucher disease [37]. Increased expression of 
lL-\p messenger RNA (mRNA) and a trend toward ele- 
vated tumor necrosis factor a (TNF-a) mRNA also was 
found in Gaucher disease patients [38]. A variety of other 
cytokines were variably elevated in Gaucher patient sera, 
including IL-ip, IL-lRa, IL-6, soluble IL-2 receptor (sIL- 
2R) and transforming growth factor (TGF-/J) [39]. 



In sununary, elevated cytokines have been variably 
increased in Gaucher cells, and plasma/serum, from 
Gaucher patients. Furthermore, there is a trend to increas- 
ing levels of these cytokines in serum associated with dis- 
ease severity. How these cytokines are triggered to be 
produced, what regulates their production and how they 
impact the pathogenesis of Gaucher disease remain un- 
clear. In addition, the local concentrations and efiFects of 
elevated cytokines may have greater impact on the 
disease manifestations than is reflected by serum levels. 



Molecular genetics 

Gaucher disease is transmitted as an autosomal recessive 
trait. The 7.5-kb (1 1 exons) gene is located on chromosome 
lq21 (see fig. 2) and encodes acid /3-glucosidase (GCase, 
glucocerebrosidase, A^acyl-sphingosyl-^S-D-glucose- glu- 
cohydrolase, EC 3.21.45). Importantly, many mutations 
causal to Gaucher disease appear to arise from gene con- 
version events wiUi the pseudogene; this remains to be 

fOTiTiallv rirr'\rfn tACM TKo nr-<^, — i ■ , ■ , . 

homologous to normal gene (96% identity), ~5kb in 
length, and is 16 kb downstream from the fimctional gene 
[41]. The GCase pseudogene is trmiscribed, but no fimc- 
tional protein can result because of numerous mutations 
that generate stop codons [40-42]. The major differences 
between the ftmctional and pseudogenes are the presence 
of several small deletions in introns 2, 4, 6 and 7, numer- 
ous exonic missense mutations, and a 55-bp deletion in 
exon 9 in the pseudogene. Several other genes surround the 
GCase gene [43-48] (fig. 2), The genomic structure in this 
region is dense and contains pseudogenes, indicating an 
evolutionarily recent duplication (fig. 2). Any ftmctional 
relationships between these genes and tlie pathophysiology 
of Gaucher disease are, at present, speculative. 
Two major and two minor haplotypes have been delin- 
eated at the GCase locus (GBA) [49]. The N370S and c84 
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Figure 2. Schematic of the GBA locus and its surrounding genes on chromosome 1 Clk2 a pent- rp<:.n,wi,,„ , c ■ /.u • , ■ 



ins G alleles are in linkage disequilibrium with the 
haplotypes. Using these data, the dates of senaration and 
puicmiai reoccurrence ot the common Jewish mutation 
were assigned to 48 generations (N370S) and 55.5 gener- 
ations (c84 ins G) [50]. Extragenic sequences of the 
glucocerebrosidase gene region also are polymorphic 
[51,52]. In addition, linkage disequilibrium of these 
haplotypes and an extragenic polymorphism was used to 
assess the dates of separation, and potential reoccurrence 
of the common Jewish mutations has assigned to be 
40-1000 generations (1000-25,000 years) for N370S 
mutation and 50-4800 generations (1300-120,000 
years) for the c84 ins G mutation [53]. This linkage 
indicates the recent origin of the N370S mutation. Their 
functional significance is unknown. 
There are two upstream potential ATG start codons in the 
GCase full-length open (2.2-2.5-kb cDNA) reading 
frame. Both in-frame ATGs can ftinction to produce 



active enzyme in cultui-ed fibroblasts [54-56]. The pref- 

nor is the potential physiologic relevance of their use! 
Upstream TATA and CAAT boxes have^been identified by 
S 1 analysis, but their exact function has not been defined 
[41, 57]. Also, positive and negative regulatory sequences 
were detected in the first exon and intron in tissue culture 
systems [58, 59] (fig. 2). Their in vivo physiologic impor- 
tance is not known. By in . situ hybridization with anti- 
sense GCase mJlNA, differential expression was shown 
particularly within the brain of mice [60]. During nearly 
all of embryonic and fetal development GCase mRNA is 
at a low level in most visceral tissues. In skin epidermis, 
the expression becomes high shortly before birth and 
is maintained throughout adult life. In comparison, a 
generalized low-level expression of GCase mRNA in 
the brain of eariy embryos transforms shortly before 
birth into specific high-level expression in neurons of the 
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cerebral cortex, hippocampus, basal ganglia, dentate 
nucleus and in the Purkinje cell layer of the cerebellar 
cortex. This pattern of expression is maintained through- 
out adult life. Studies are needed to confirm the relevance 
to humans, but these results indicate the need to examine 
the role of gene expression control in the expression of the 
phenotypes. 

Mutations 

Nearly 200 different mutations at the GBA locus have been 
identified in patients with Gaucher disease. These muta- 
tions-inelude-missenserterminationrdeletion-and~inser^ 
tions [61-66]. Most of these are rare and/or private muta- 
tions but several have significant frequencies. The occur- 
rence of pseudogene-like mutations in the fiinctional gene 
from aifected patients is important for diagnostic and 
potentially mechanistic studies. Several point mutations 
including L444P - the most common mutation worldwide 
- arise from apparent recxurent gene conversion or other 
rearrangement between the functional and pseudogenes. 
Similarly, Gaucher disease alleles containing 2, 3 or more 
point mutations and/or deletions and insertions, identical 
to those in the pseudogene, have been found around the 
world in apparently distantly related populations [65, 67, 
68]. These observations provide credence to the 'gene con- 
version' origin of many of the common alleles. In compar- 
ison, the most frequent Gaucher dLsease allele in the 
Ashkenazi Jewish population, N370S, does not appear in 
the pseudogene, and is likely due to a founder effect [50J. 
The spontaneous mutational event that established this 
allele appears to have occurred or entered the European 
population nearly simultaneously with the migration of 
Middle Eastern Jews to that continent. The perpetuation of 
the N370S alleles in the Ashkenazi population likely 
resulted from sociopolitical forces, but heterozygote selec- 
tive advantage cannot be excluded. Table 2 summarizes the 
frequencies of the more common alleles in Jewish and non- 

point mutations are discussed later. 



Table 2. Allele distribution in Gaucher disease Type 1 Patients. 


Allele 


Jewish (%) 


Non-Jewish (Vo) 




(n= 1160)* 


(/I =419) 


N370S 


71.82 


43.6 


-c84 ins G 


11 JO 


0.2 


L444P 


2.84 


25.6 


IVS2-ig-»a 


1.72 


0.7 


Rec* 


1.42 


3J 


Alleles detected 


89 


74 


Other Alleles 


U 


26 



• n = total alleles. Rec, recontbinant alleles (RecNci and RecTL) 
that include the L444P missense mutation and at least one addi- 
tional pscudogene mutation. 
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Genotype and phenntyne corrftlarinns 
and threshold effects 

Beyond the obvious clinical and personal impact, elucida- 
tion of genotype and phenotype relationships has signifi- 
cant biological implications. In particular, the delineation 
of specific organ involvem_ent or variation in overall phe- 
notype could reflect specific fimctions or levels of GCase 
needed for normal metabolism and/or the participation of 
other loci in the expressivity of the trait(s). To date, the 
genotype and phenotype relationships in Gaucher disease 
have been restricted by population numbers to the major 
mutation alleles, N370S, L444P and D409H. Review of all 
"reported cases (=^400) andlhe personal experience of one 
of us (G.A.G.) shows tliat the presence of die N370S allele, 
in the homoallelic state or as the heteroallele with another 
mutant GCase allele, absolutely correlates with type 1, 
nonneuronopathic Gaucher disease. The recent soft corre- 
lations with *Parkinsonian-like' neiu-ologic disease in such 
patients [69—71] requires careftil attention since a sub- 
population of nonneuronopathic Gaucher disease patients 
may be predisposed to such neuronopathic manifestations. 
By comparison, L444P/L444P and D409H/D409H are 
highly associated with development of neuronopathic 
disease at some time in life. In addition, a striking diJfer- 
ence in tissue involvement is present in L444P/L444P vs. 
D409H/D409H patients [4,72,73]. The neuronopathic 
patients with L444P/L444P have varying degrees of 
visceral (hepatic, splenic, bony and lung) disease, but do 
not have the cardiac valvular calcifications, cataracts and 
hydrocephalus, and milder other visceral involvement 
characteristic of D409H/D409H. The clinical neurono- 
patliic involvement in L444P/L444P and D409H/D409H 
patients is quite similar. Also, both mutations produce 
catalytically defective, unstable proteins with similar prop- 
erties [74]. Thus, the bases for the discrepancies of visceral 
phenotypes of patients with these two genotypes are not 
explained by the known biochemical properties of the mu- 
tant en2ymes and remain an intriguing area for investiga- 

known to us, and reported by others who have apparent 
nonneuronopathic disease into th^ 3rd decade [18,75]. 
Even if such patients do develop neuronopathic deteriora- 
tion later in life, other major influences must impact the 
rate of progression. 

The Swedish population of Gaucher disease patients is 
instructive in this regard. This variant of Gaucher disease 
derived from a single founder couple in the H"" century 
in the Norbottnian region of Northern Sweden [18, 75, 
76]. A single GCase genotype, L444P/L444P, is present. 
However, the variation in phenotype ranges from severe 
infantile neuronopathic and visceral disease to milder 
variants with neuronopathic disease onset in the 4"' to e"" 
decades. Since the environment is relatively similar, this 
major variation in phenotype must have a significant ge- 
netic basis, i. e. modifier genes. 
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The variation among Gaucher disease patients with 
N370S alleles also is great. Shown in figure 3 is a distri- 
bution of ages of onset and diagnosis of symptomatic 
Ashkenazi Jewish patients with N370S/N370S or 
N370S/'other mutant allele' genotypes [77]. Allowing for 
the vagaries of ' age at onset' and some genotyping errors, 
the results correspond closely to those from a larger, more 
diverse, population [78]. Importantly, these data repre- 
sent patients from several European and American geo- 
graphical regions. Similar relationships are present when 
hepatic or splenic volumes are used as parameters, with 
smaller organs being present in N370S/N370S patients 
-[-l-4r77r79]reiearly,-the-N370S/N37eS-is-associatedwith- 
a less severe phenotype [3,78]. Indeed, based on 
heterozygote frequencies, a paucity (-50%) of N370S/ 
N370S genotypes are represented among the 'signifi- 
cantly' symptomatic patients with N370S alleles [3, 11]. 
The N370S/'otlier GCase mutant allele' phenotypes are 
more severe, and have ages of onset from 1 to 2 decades 
earlier than those with N370S/N370S [77,78]. Since 
these data have been collected from widely different 
geographic and cultural milieus, the environmental im- 
pact on phenotype will be minimized, albeit not elimi- 
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nated. Thus, the variation within each genntypic group 
probably represents genetic influences, i.e. modifier 
genes. However, the great variation between the 
N370S/N370S genotype and the other genotypes repre- 
sents a major impact of the primary, GCase, genetic 
mutation. 

The N370S allele expresses a defective protein with 
substantial (-10-20% of nonnal) catalytic activity. In 
comparison, the c 84 ins G and IVS+2 alleles are null, 
and the L444P allele produces a highly defective protein 
with very little (but not zero) catalytic activity. Thus, most 
of the N370S/ 'other mutant alleles' or N370S/L444P 
"patients^have fiuncfi6iiaIly~Kalf or less, respectively, 
the residual enzyme activity in vitro compared with 
N370S/N370S patients. Notably, the L444P/L444P 
patients have an average age at onset/diagnosis of 2.3 
years [14]. 

The variable expressivity of the phenotypes would appear 
to be determined as follows: (i) For whole body pheno- 
type, the residual activity of the mutant GCase sets the 
boundaries of potential variation in response to other 
influences. For example, an N370S/N370S patient could 
have a very wide range of potential response to other 
genetic polymorphisms or environmental stimuli and 
factors because of the amount of available residual 
enzyme. These stimuli and factors could influence sub- 
strate influx and production and/or mutant enzyme 
stability or activity. Thus, great variation in expression is 
expected. In comparison, the much lower residual activ- 
ity in L444P/L444P patients would lead to much lower 
toleration of endogenous (genetic) or exogenous varia- 
tions, with most being significantly deleterious. The least 
phenotypic variation, would be anticipated in phenotypes 
resulting from a null mutation that would allow for little, 
if any, response to varying input, (ii) For tissue-specific 
phenotypes, the effects of the mutant enzymes may vary 
with the tissue. For example, the compositions of gly- 
cosphingolipids present in cardiac valves, skin or brain 



Figure 3. Age at onset and diagnosis for the patients with differing 
genotypes. The data were obtained from medical records and/or his- 
tories of symptomatic Ashkenazi Jewish patients. The boxes repre- 
sent the median and first quartile boundaries. Each dot represents a 
single patient. 



ently. GC in brain has shorter fatty acid acyl chains 
(~C|6-i8) compared with that froip visceral sources 
(~Ci8.2i) [80-82]. In comparison, skin has very long 
fatty acid acyl chains (-Cjj. 30) [83-87]. If in vitro dif- 
ferences in substrate specificity are reflected in vivo, 
some tissues could be 'protected' or not from disease 
manifestations even if the level of in vitro residual activ- 
ities were identical with a particular substrate for the two 
mutant enzymes. 

Recently, we have created mice with GCase point mu- 
tations, including N370S. Surprisingly, the N37GS/ 
N370S genotype in mice is lethal, with death due to dis- 
ruption of the skin permeability barrier and the develop- 
ment of the severe ichthyosis [88]. This is identical to the 
GCase null mouse created nearly a decade ago [89]. In 
vitro initial characterization indicates that the mouse 
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Fi gure 4. Expression of GCase itiRNA in adult mouse CNS. Fluorescence in situ hybridization \tos performed with antisense GCase 
mouse RNA as probe. GCase mRNA signals are white to pink in the dark field. (A) Cerebral cortex neurons of layers III and V (arrow- 
'heads) have higher signal than those in layer IV (darker region in between III and V. (B) Cerebellar cortex with highly stained Puridnje cell 
layer. Both Purkinje (arrowheads) and granular cells have more intense signal than the surrounding tissues. (Q Intense staining of the htp- 
pocampal pyramidal cells (h). TTie meninges also have high signals (arrowheads). 



N370S protein has very similar properties to the human 
•Mime Vr-""''-°-'- "^'^^ '.-.ot.i.-oi' rsCc- /^^r.. 

taining very long chain fatty acid will need to be tested to 
evaluate the differences between the human and mouse 
wild-type and N370S enzymes to explain this phenotype. 



Blocheraistrj' and cnzymology 
Control of GCase expression 

Although GCase is considered a housekeeping gene, its 
expression is controlled at the transcriptional, transla- 
tional and posttranslational levels. The in vivo promoters 
that convey specificity to GCase expression have not 
been defined. However, developmental and tissue- 
specific GCase mRNA expression has ijcen documented, 
particularly within regions of the brain [60]. In mice 
through about two-thirds of pregnancy, GCase mRNA 
expression is relatively low and ubiquitous [60]. Near 
term higher levels of expression are noted in neurons of 
the cerebrum, cerebellum, brain stem and spinal cord. 
inia CA.picssiuu icaciicii a. uinKununi luiiuwuig uuui anu 
into adulthood. Striking expression is observed in Purk- 
inje cells and dentate nuclei of the cerebellum (fig. 4) and 
in the hippocampus. The differential signals resuU from 
increased concentrations of cells with relatively high 
expression surrounded by areas of much lower cell densi- 
ties, rather than only high levels of mRNA per cell. Gen- 
eral visceral expression is much lower and ubiquitous, 
except for higher levels in the epidermis of the skin. Thus, 
significant control of the timing of GCase mRNA 
expression is evident, and expression in neurons of the 
CNS and epidermis is higher than that in other cellular 
types. The temporal control promoters remain to be 
defined in vivo. 

During overexpression studies of GCase mRNA in 
several mammalian cell types, a discrepancy (> 100-fold) 
was detected between mRNA expression and GCase 



protein production. This was due to the constitutive 



-80,000-90,000 that bound to double stranded RNAs 
[90-92]. The protein is identical to a variant of NF90, a 
protein originally implicated in the control of adenovirus 
gene expression following infection of cells. This protein 
binds specifically to a 180-nucleotide region of GCase 
mRNA and prevents its interaction with polysomes, and 
therefore translation cannot be initiated. In addition, 
TCP80/NF90 can be phosphorylated by the classical 
protein kinase C (PKC) pathway, and deficient phospho- 
rylation of TCP80/NF90 facilitates GCase mRNA trans- 
lation inhibition. The exact role of this protein in the 
control of GCase steady-state levels is luiknown, but such 
inhibition of translation clearly impacts the overexpres- 
sion of this protein for therapeutic purposes. Elimination 
of the translation inhibition by TCP80/NF90 may allow 
for substantial increases in protein expression and 
enhanced secretion. 

Posttranslational modifications do not normally play a 
great role in the control of GCase expression and main- 

tciictiii^c ui SLcauy-suiic icvct». nuwcvci, >j\Muyaii^y vi mc 

first glycosylation site is essential to GCase activity, but 
not proteolytic stability [93]. In comparison, occupancy 
of the other four glycosylation sites are not critical to 
activity [93]. This is likely due to the maintenance of 
hydrophilicity in this region, and vectorial cotranslational 
glycosylation may be important to disulfide bond forma- 
tion between residues C4, C16, C18 and C23. Thus, 
mutations in this region may have global effects on pro- 
tein folding if either glycosylation or disulfide .structure 
is affected. 



Biochemistry and cell biologj' 

GCase is a membrane-associated lysosomal ^glucosi- 
dase composed of 497 or 496 amino acids in the human 
or mouse, respectively [56,94,95]. The enzyme is a 
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glycoprotein that contains four of five occupied N-glyco- 
sylation sequences [96]. The occupied sites are in the 
N-terminal 60% of the sequence, while the unoccupied 
site is in the COOH-terminal 10% of the protein. The 
seven cysteines are at residues C4, C16, CIS, C23, C128, 

OAR anA niA'i TU^ f;,^» -f • 

■^-'T^^. iiiv, luai iwuA t^jaicilicb pitlimipcllC in 

disulfide formation, while that at residue CI 28 is free and 
those at C248 and C342 may be free, although this is not 
resolved [E. Ponce and G. A. Grabowski, unpublished 
observation]. Occupancy of the first N-glycosylation site 
at N19, A20, T21 is essential for the development of a 
catalytically active conformer, probably by directing 
— disulfide-formation— Mutagenesis-studies-showed-that- 
substitution of C4, C16, C18 or C23 with serine leads to 
catalytically inactive proteins as a result of disulfide dis- 
ruption. Similarly mutated enzymes at residues CI 28 or 
C248 retain complete and partial activity, respectively. 
Substitution at C342 with glycine leads to a catalytically 
defective protein due to its proximity to the catalytic 
nucleopliile at residue 340 [97]. 

GCase is synthesized, its leader peptide cleaved upon 
trans-ER (endoplasmic reticulum) membrane passage, 
and is cotranslationally glycosylated in the ER with sub- 
sequent sequential oligosaccharide modifications with 
movement through the cis, mid and trans Golgi 
[98-100]. The enzyme is not phosphorylated, nor does it 
contain mannose-6-phosphate residues for lysosomal 
sorting [101,102]. Little GCase is normally secreted 
from cells, but significant amounts are secreted in over- 
expressed states [90,103,104], This finding implies a 
saturable sorting system for delivery of GCase to the 
lysosomal compartments [101]. Nonnal human GCase 
does not contain any of tlie recognized COOH-terminal 
hydi-ophobic signals used for targeting of lysosomal 
membrane proteins [105]. However, newly synthesized 
GCase sorts to the lysosome in an unglycosylated state 
following treatment of cells with tunicamycin [101]. This 
treatment also does not appear to alter the degree of mem- 

lization. Membrane attachment is important for the 
survival of GCase in cells. In overexpressed systems, in 
which significant amounts of enzyme remain free in the 
lysosomal lumen, the half-life of the free enzyme (non- 
secreted) protein is much reduced compared with that of 
the membrane bound form [101]. Clearly, the association 
of the enzyme and membrane is essential for maintaining 
sufficient steady-state amounts of enzyme activity for 
normalization of GC flux through the lysosomal com- 
partments. The implications of these observations for 
enzyme and gene therapies are discussed below. 
Once delivered to the lysosome, GCase becomes bound 
to the inner membrane surface of this organelle. The 
enzyme is not an integral membrane protein with trans- 
membrane domains, but is tightly membrane associated. 
No evidence is available to show that GCase will associ- 



ate with the plasma membrane of cells, other than 
through specific oligosaccharide receptors, i. e. the man- 
nose receptor used for enzyme therapy. Binding to the 
inner lysosomal membrane is thought to be mediated by 
resident phospholipids, although binding to a protein re- 
ceptor has not been formaily excluded. Using purified 
GCase, artificial liposomal membranes, pure or mixed 
phospholipids are essential activators of the enzyme's hy- 
drolytic activity, i.e., in the absence of such lipids GCase 
is inactive. Negatively charged head groups on these 
lipids, e.g., phosphatidylserine, phosphatidic acid, phos- 
phatidylinositols, lysobisphosphatidic acid [106,107], 



— are-required-for-the"^tivafion effects! GCase also re- 
quires such negatively charged phospholipids (NCPs) to 
have an unsaturated fatty acid acyl chain covalently 
attached or in proximity, i.e. free oleic acid or present on 
another contiguous non-NCP phospholipid, for activation 
effects in liposomal sj^tems [106,107]. Phosphatidyl- 
choline has no activation Droperties riflR inoi <in,^fH^\ 
studies using intrinsic GCase tryptophan fluorescence 
show a A blue shift and an alteration in secondary struc- 
ture of GCase by circular dichroism upon binding of 
the enzyme to such NCP membranes [107]. This binding 
is fast, submicrosecond time frame, and dissociation 
from the membrane cannot be detected within 12 h [X. Qi 
and G. A. Grabowski, unpublished observation]. Bind- 
ing is tight, has specific structural requirements (albeit 
stereospecificity has not been shown) and is associated 
with reconformation of GCase into an active form. Tliese 
and the above metabolic labeling analyses show that 
membrane attachment is key to enzyme stability (prote- 
olytic) and fiill catalytic activity within cells. The actual 
NCP(s) that plays these roles in vivo is (are) unknown. 
Altliough a potent activator, phosphatidylserine is not 
present in significant amounts in the inner lysosomal 
membrane. Indeed, the asymmetric distribution of this 
lipid to the inner leaflet of the plasma membrane is 
maintained topologically through the endocytic path- 

ine to be a major physiologic activator. Lysobisphospha- 
tidic acid and phosphatidylinositol phosphates are prime 
candidates since they are resident in the interior of lyso- 
somal compartments [110,111]. Lysobisphosphatidic 
acid is resistant to phospho lipases [110, 112] and could 
provide a relatively 'stable' group of binding sites for 
GCase. 

Additionally, GCase membrane attachment in the lyso- 
some is important in understanding how the enzyme 
gains access to insoluble lipid substrates (GC) as they are 
presented to the late endosomal/lysosomal compart- 
ments. Such understanding might provide insight into the 
aberrant hydrolysis of GC and other substrates by mutant 
enzymes in Gaucher disease and the development of 
newer therapeutic approaches. In the phagocytic pathway, 
glycosphingolipid substrates cross the plasma membrane. 
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enter the endosomal system, pass through the multivesi- 
cular body (MVB) and enter the lysosomal compartment. 
Topologically, access of GCase to GC would require lyso- 
somal luminal orientation of GC, potentially by first 
being oriented on the outer surface of the small vesicles 
of the m\'B. Alternatively, GC could be incorporated into 
the lysosomal membrane through a fusion/hybrid 
compartment of late endosomes and lysosomes. This 
possibility seems less likely since it requires preferential 
or exclusive sorting of GC to the lysosomal membrane 
and away from the endosomes. Such a degree of speci- 
ficity might occur through lipid rafts [1 13- 1 16], but the 
meehanism-is-obscurer^-he-delivery-of^Ge-containing" 
MVB vesicles to the lysosomes as a surface for GCase ac- 
tion does not require such a high degree of specific sort- 
ing, since only the formation of a hybrid compartment is 
needed. The MVB small vesicles, containing many lipids, 
could be incorporated into the lysosomal compartment. 
Since GC is not present in aqueous solution and must be 
presented in a membrane form, either of these mecha- 
nisms requires that membrane bound GCase 'confront' 
GC in a membrane. Available data indicate that GCase 
requires membrane attachment, interaction withNCP and 
an activator protein (saposin C) for hydrolytic activity 
[106,107,117]. GCase membrane attachment appears 
tight and a 'scooting mode' of hydrolysis is likely, i.e. 



GCase functions only by hydrolysis of GC in the inter 
facial mode with both enzyme and substrate on die 
membrane surface at least in vitro. This implies that 
GCase and GC move to confront each other in the lyso- 
somal membrane or that GCase or GC must move from 

the MVB small VRsirlpt: tn annthpr i-norv.Kr-ono f,-. ^nr^f^^^t 

each other. Based on current knowledge of GCase, this 
enzyme, once bound, does not dissociate from the 
membrane. Consequently, only newly synthesized GCase 
that might be freed from the lysosomal membrane, 
albeit this is not known, could interact with MVB, or 
collision and/or restructuring of the small vesicles would 
~be neededToTGCase to access the substrate. Removal of 
the substrate from the membrane for presentation to 
GCase is unlikely, since, contrary to saposin B's mecha- 
nism with more water-soluble glycosphingolipids, saposin 
C requires GCase at the NCP interface for activation 
effects [118]. This interaction is independent of the pres- 
ence of GC or ntlipr siiVicfratfc n flAI TTiJc Jo 

in figure 5. 

Such mechanistic insights are needed to understand the 
potential for mutant enzyme interactions and potential in 
situ modifications that could be therapeutic. For example, 
the N370S enzyme in vitro has greater activation effect 
by NCPs than the wild-type counterpart [108, 119, 120]. 
Since this mutant enzyme protein is present in normal 
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Figure 5. Schematic of GCase and its activation upon association with lysosomal membrane. In the soluble form, GCase is inactive Upon 
attachment to negatively charged phospholipids (NCP, filled head groups), GCase undergoes a conformational change with realignment of 
residues in the active site. The enzyme then has catalytic activity. This attachment step is slowly reversible as indicated by the arrows 
Saposin C is soluble and attaches to the GCase/NCP complex and induces a fiirther conformational change. This leads to a fblly active 
GCase that is capable of cleaving membrane-bound and water-soluble substrates. In the absence of saposin C, in vivo GCase has low-level 
activity. In vitro and, potentially, m vivo, interaction of saposin C may require GCase bound to NCP: i.e. NCP, may make GCase confor- 
mation acceptable to saposin C. 
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amoimts in cells from humans with Gaucher disease, the 
potential exists to enhance the activity above a threshold 
for corrections of GC flux through cells. In addition, this 
enzyme attaches to NCP membranes and occupies bmd- 
ing sites in NCP liposomes. This suggests a potential for 
competition between different enzyme forms for binding 
sites within the iysosomc and, depending upon the mech- 
jinism of enzyme interaction with lysosomal substrates, 
could interfere with therapeutic supplementation by 
enzyme. 



Pathogenesis 

Two competing hypotheses for the pathogenesis of 
Gaucher disease include (i) Gaucher cells as relatively 
inert long-lived space-occupying lesions or the consti- 
pated lysosome hypothesis, and (ii) the transduction box 
hypothesis m which there is a deficiency of an essential 
signal that normally would leave the lysosome following 
cleavage of GC and have subsequent effects on cellular 
functions. These two hypotheses are not mutually exclu- 
sive, and the components may exist for both. The first has 
been assumed as a principle for more than 2 decades and 
envisions a passive role for the lysosomal storage mater- 
ial. Except for the lysosphingolipid hypothesis of Harmun 
and Bell [121], the second hypothesis has received little 
attention. This second hypothesis is diflFerent than the 
lysosphingolipid hypothesis since it assumes an active 
normal role for sphingolipid products that leave the lyso- 
some, rather than a toxic role for deacylated analogues of 
glycosphingolipids. Lacking an animal model, for direct 
studies, pathogenic analyses of Gaucher disease have 
focused primarily on static pathologic samples that may 
reflect end-stage organ or cellular disease, rather than an 
early pathophysiologic processes. The constipated lyso- 
some hypothesis is based primarily on the apparent accu- 
mnlHti<in of etifforped macronhaees in various tissues that 
could result from either filling up of the macrophages 
with GC, or accumulation of GC with resultant prolifera- 
tion of macrophages. This is a relatively late event in 
tissues. Evidence for either is lacking, and mitotic figures 
of macrophage precursors as they enter various organs 
have not been obvious. Thus, lacking, direct analyses by 
mai-kers of cellular proliferation, the space-occupying 
lesion hypothesis cannot be formally excluded. Similarly, 
the active hypothesis requires additional in vivo data for 
support. However, for these authors, this is a more attrac- 
tive working hypothesis. Developing evidence supports 
elaboration of substances by activated macrophages due 
to GCase defects including cytokines, proteases and other 
markers such as angiotensin-converting enzyme and chi- 
totriosidase. Several of these are secreted or lost from 
macrophages when activated by exogenous agents diuring 
immunologic responses. Analysis of bony lesions in 



Gaucher disease vS'itu pai'ticului attention to thc ccrtical 
bone indicates an active metabolic process whereby bone 
structure is lost [122]. Thus, a reasonable hypothesis 
would include activation of the macrophage system by 
some lipid component that would normally move from 
the lysosome to the cytoplasm with subsequeut enhance- 
ment of a cascade of transcriptome and proteome effects. 
A volumetric effect of the engorged lysosomes might also 
lead to cellular activation, but there is no evidence for 
this. It should be noted that the lysosphingolipid hypoth- 
esis and/or the activation hypothesis might be relevant to 
the CNS disease in which neuronal cell death is the major 
pathologic consequence, and not macrophage prolifera- 
tion and cellular accumulation. 

The overall hypothesis includes the following: a tissue 
macrophage becomes bound, and GC presented to the 
lysosome through phagocytosis caimot be broken down 
and accumulates, but tlie major event is the lack of eflfec- 
tor egress from the lysosome. This effector is unknowTi. 
However, ceramide seems an attractive candidate since it 
has been shown, at least when generated from sphin- 
gomyelin in the plasma membrane, to become phospho- 
rylated and lead to a series of events including apoptosis. 
It could be envisioned that the loss of this effector would 
lead to increased production of cytokines by the loss of 
feedback signals to the nucleus of active agents, such as 
cytokmes or otiier markers of macrophage activation, and 
local hyperplastic or hyperfiinction effects on macrophage- 
function. This has been demonstrated in the lysosomal 
acid lipase deficient mouse in which macrophage-colony 
stimulating factor (mCSF) is upregulated due to a defi- 
ciency of a fatty acid being blocked from egress from the 
lysosome [123]. Thus, lipids could have repressor effects 
either directly as signals or mediated through other 
events, such as the plasma membrane composition, 
producing activation of the macrophage and proliferation 
of these cells. The contuiual presentation of GC to the 
macrophages and the inabiHt>' to digest this lipid to its 
components can be viewed as a secondary event, i ne 
primary event would be the lack of effector egress and 
expansion of the macrophage space into which GC could 
accumulate. This dysregulation of such activators would 
lead to more generalized macrophage production and 
increased synthesis of macrophage activation markers as 
described above. Furthermore, the elaboration of such 
compounds would produce hyperplasia of the macro- 
phage compartment, and a self-perpetuating vicious 
cycle would result due to the lack of a signal to turn off 
the continuous production of macrophages. Whether the 
presence of additional macrophages alone would have a 
continuing detrimental effect or whether these secondary 
cytokines or other pathologic agents would have an effect 
requires direct experimental support. The availability of 
viable mouse models with Gaucher disease provides the 
opportunity to address such hypotheses to then close the 
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loop between the molecular biology and the cell hinlogy 
and pathogenesis of Gaucher disease [88]. Through such 
studies of transcriptome and proteome analysis, addi- 
tional targets for improved or adjuvant therapies would 
become available potentially to improve current res- 
ponses to therapy. 

Enzyme and gene therapy 

The outstanding accomplishment by Dr Roscoe Brady 
and co-workers [124-126] of effective and safe enzyme 
therapy~for"Gauchenlisease llas~been reviewed exten- 
sively [12]. The readers are referred to these references 
for details. Succinctly put, after a decade of enzyme ther- 
apy, the population of Gaucher patients have had major 
improvements in health and reversal of many aspects of 
their pathology. The treatment of CNS and established 
bone disease remain major challenges for clinical 
researchers. The improvement of therapeutic efficiency 
and reduction of cost are major challenges for the next 
decade. Gaucher disease type 1 is also a prime candidate 
for hematopoietic stem cell gene therapy since the major 
primary pathology derives from the bone-marrow-origi- 
nating monocyte and macrophage cells. Recent successes 
in gene therapy for immunodeficiency diseases [127] 
indicate that progress is being made in this therapeutic 
strategy. 
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SCNM1, a Putative RNA Splicing 
Factor That Modifies Disease 
Seventy in Mice 



containing about 34 candidate genes and a 
recombination hot spot (P). To identify 
Scnml, we compared the finished genomic 
sequence of the nonrecombinant region &om 
Strain C57BL/6J (9) with the human ortholo- 
got TS sequence on chromosome lq21 (10). 



niis sequence comparison identified a pre- 
mature Stop codon, R187X, in the C57BL/6J 
allele of the predicted gene MGC3180 (/;). 
The wild-type MGC3180 gene in strain C3H 
contains seven exons and encodes a protein 
of 229 amino acids (Fig. IB). The stop codon 
in C57BL/6J removes the C-temiinal 43 res- 
idues (Fig. IB). 

Reverse transcription polymerase chain 
reaction (RT-PCR) of RNA from C57BL/6J 
mice with primers in exon 5 and exon 7 
resulted in amplification of the normal 330- 
base-pair (bp) product and a unique 135-bp 
product that lacks exon 6 (Fig. 2A). The 
transcript lacking exon 6 retains an open 
reading frame and encodes a 164-residue pro- 
tein, SCNM1A133-196. Analysis of ttie exon 
6 sequence with software that detects exon 
splice enhancer sites (12) indicated that the 
C-to-T substitution in codon 187 destroys a 
predicted exon splice enliancer recognized by 
the arginine- and serine-rich protein ASF/SF2 
(Fig. 2B). C57BL/6J mice are predicted to 
prodtice two abnormal proteins, one that is 
prematurely truncated at residue 186 and a 
smaller 164-residue protein, SCNM1A132- 
196, that lacks the residues encoded by e.xon 
6 (Fig. IB). 

We determined the strain distribution of 
the wild-type and Rl 87X alleles by amplify- 

intr evrvn 6 from af»Tio"^t^ TMsJA "^f^ ir^\><-aA 

Strains and digesting the product \vith the 
diagnostic restriction enzyme Hpy991. The 
wild-type allele was present in 3 1 strains (fig. 
SI), including all five strains known to cany 
the resistance allele of Scttml (9). The R187X 
allele was found only in the closely related 
C57 and CSS strains, suggesting that the mu- 
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The severity of many inherited disorders is influenced by genetic background. 
We describe a modifier interaction in C57BL/6J mice that converts a chronic 
movement disorder into a lethal neurological disease. The primary mutation 
(med') changes a splice donor site of the sodium channel gene ScnSa (Na^l.S). 
The modifier mutation is characteristic of strain C57BL/6J and introduces a 
nonsense codon into sodium channel modifier 1 (SCNM1), a zinc finger protein 
and a putative splice factor. An internally deleted SCNMt protein is also 
predicted as a result of exon skipping assodated with disruption of a consensus 
exonic splicing enhancer. The effect of the modifier mutation is to reduce the 
abundance of correctly spliced sodium channel transcripts below the threshold 
for survival. Our finding that genetic variation in a putative RNA splicing factor 
influences disease susceptibility in mice raises the possibility that a similar 
mechanism modifies the severity of human inherited disorders. 



About 10% of human disease mutations alter 
pre-mRNA splice sites. Genetic variation in 
proteins that regulate splicing has been pre- 
dicted to result in n^ns-acting modification of 
disease severity for splice-site mutations (i, 
2). With the use of the mouse as a model, we 
describe here an example of genetic interac- 
tion between a putative splicing fector and a 
splice-site mutation in a neuronal sodium 
channel gene. ScnSa encodes the sodium 
channel Na„1.6, which is localized on den- 
drites and axons throughout the nervous sj'S- 
tem and concentrated at nodes of Ranvier in 
myelinated axons (3). Mutations in mouse 
jcYfoa cause rnnenieu movement oisoraers 
that range in severit>' from tremor to ataxia, 
dystonia, and juvenile lethality {4-6). The 
severity of the hypomorphic allele ScnSa""^ 
is determined by the unlinked modifier gene 
Scnml (7). 

ScnSa'"^ {med^ contains a mutation in 
the splice donor site of intron 3 (Fig. lA). 
The abundance of ScnSa mRN A is normal in 
med' homozygotes, but there is a mbcture of 
correctly iuid incorrectly spliced transcripts, 
with predominance of the incorrect transcript 
(6-8). This transcript skips exon 2 and exon 
3 and encodes a tnmcated, nonftincttonal pro- 
tein (Fig. lA). The severity of the med^ 
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movement disorder is dramatically affected 
by strain background. This effect was 
mapped to a single Mendelian locus, sodium 
channel modifier 1 (Scnml), which deter- 
mines the proportion of correctly spliced 
transcripts and hence disease severity (7). 
C3H and other common inbred strains carry 
the resistance allele of Scnml. Resistant 
med-' /med' mice produce 10% correctly 
spliced transcripts, exhibit a progressive dis- 
order with dystonia and ataxia, and live for 
>1.5 years (8). C57BL/6J mice carry the 
recessive susceptibility allele of the modifier. 
Susceotible med-'/med' mice nroduce nnlv 
y/o ot correctly spliced transcripts, become 
paralyzed, and do not survive beyond 1 
month (7, 8). Reduction of correctly spliced 
transcripts to 5% in med-'/- compound het- 
erozygotes is also lethal (*). 

We previously mapped the Scnml locus to 
a 950-kb region on mouse chromosome 3 



Table 1. Rescue of CS7BL/6J-merfVmerf^ mice by in-ansgenic expression of wild-type SCNMI. Rescue is 
indicated by the survival of transgenic mice beyond 40 days of age and by their typical dystonic 
phenotype. B indicates C57BL/6J; H, C3H. 



ScnSa 
genotype 



Scnml 
genotype 



Line 



No. surviving 
>40 days 



Lifespan 
(to present) 



Full-length ScnBa 
transcript 
relative level 



med'/med' 
medi/med' 
med^/med> 
med^/med' 
metP/med' 



BB 
BB 
BB 
BH 
HH 



CS7BL/6J-med^ 
Tg405 (BAC) 
TgMO (cDNA) 
see (8) 
see (8) 



0/11 
6/6 
6/7 
see (8) 
see (8) 



30 ± 4 days 
>8 months 
>2 months* 
>8 months 
>8 months 



1.0±0.2(fT = 3} 
1.9 ± 0.1 \n = 3) 
2.^ ± 0.3 {n = 4) 
1.9 ± 03 (n = 3) 
1.9 ± 0.2 (n = 3) 



•Killed at 2 months. 
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Fig. 1. Molecular variants 
of ScnSa and Scnml inter- 
act to influence the sever- 
ity of neurological disease. 

(A) A 4-bp deletion in the 
donor splice site of exon 3 

IM kll^ .^iiuu - OliCkC I C~ 

suits in exon skipping (+5 
to +8). The major pro- 
cessed transcript of the 
Scn8a"«^J allele skips both 
exon 2 and exon 3 be- 
cause of the arrangement 
of U2 and U12 introns (6). 

(B) Protein domains and 
-amino-add-seqtience-of- 

SCNM1 from mammals 
and fish. The mouse 
R187X mutation and the 
acidic domain are boxed, 
the nuclear localization 
signal (NLS) is in bold, and 
the zinc finger (ZnF) is 
underlined. H, Homo sapi- 
ens; B, fios taurus; M, Mus 
musculus; F, Fugu rubripes. 

(C) The R187X mutation 
is shared by the closely 
related C57 and CSS 
strains. Genealogy sug- 
gests that the R187X mu- 
tation arose in the com- 
mon ancestor to these 
strains about 80 years ago 

(29). The wild-type allele (+) was deterted in 31 other inbred strains (fig. SI). 
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in strain C57BL/6J. (A) Aberrant splicing ofScnml in C57BL/6J. The transcript that skips exon 6 is 
detectable by RT-PCf{ of adult brain RNA from the susceptible strain, C57BL/6J, but not from the 
wild-type (resistant) strain, C3H. (B) The SF2/ASF consensus exonic splice enhancer sequence is 
reprinted from (30) with permission. The nucleotide substitution in the mutant allele reduces the 
match to the consensus from a significant value of 2.1 to an insignificant value of -0.4, consistent 
with loss of function (72). 



tation arose in a cominon ancestor of these 
strains about 80 years ago (Fig. IC). Strain 
C57BLKS/J cairies the DBA/2J haplotype in 
this chromosome region (fig. SIC). 

To investigate whether the mutant allele 
of MGC3 1 80 accounts for the disease suscep- 
tibility of strain C57BL/6J, we tested tlie 
ability of the wHId-type allele to rescue the 
lethal phenotype. BAG (bacterial artificial 
chromosome) clone 26A24, isolated from the 
resistant strain 129S6, contains the wild-type 
MGC3180 gene as well as 10 flanking genes 
(fig. S2). Purified BAG DNA was microin- 
jected into fertilized eggs from strain C57BL/ 



6J. Transgenic founder #405 was crossed to 
the congenic line C57BL/6J-merf7-(-, and the 
resulting transgenic, med-'/+ offspring were 
backcrossed to the congenic line. The med-'/ 
med'', Tg405-positive offspring had a typical 
resistant phenotype, including dystonia pos- 
tures, demonstrating rescue by the BAG 
transgene (Table I). The abundance of the 
wild-type MGC3 180 transcript in brain RNA 
from line Tg405 was 50% that of the endog- 
enous R187X transcript (fig. S3). 

To confirm that MGC3180 is responsible 
for BAG rescue of the susceptible phenotype, 
we carried out a second rescue experiment 



with the use of a wild-type cDNA from strain 
C3H under the control of a ubiquitously ex- 
pressed chicken p-actin promoter (13). The 
abundance of the wild-type MGC3180 tran- 
script in brain RNA from transgenic line 
C57B176J-Tg580 expressing the cDNA con- 
struct was twice that of the endogenous 
R187X transcript, demonstrating that excess 
transcripts are tolerated (fig. S3). Transgenic 
mice from this line were backcrossed to the 
C57BL/6J-me<f/+ line as described above. 
CSlBLfGi-med-'/med-^. Te580 mice exhibited 
the dystomc phenotype and were rescued 
fi^om juvenile lethality (Table 1). Thus, the 
predicted gene MGC3180 is the sodium 
channel modifier gene Scnml. 

To examine the splicing of the ScnScf'"'^ 
pre-niRNA in the rescued transgenic mice, we 
determined the relative amounts of full-length 
and mutant transcripts with the use of a primer 
extension-chain termination assay (8, 14). The 
proportion of correctly spliced ScnSa tran- 
scripts in both lines of transgenic mice was 
twofold higher than in nontratisgenic med-'/ 
med-' littermates (Table 1). The level of cor- 
rectly spliced transcript in rescued transgenic 
mice was comparable to the level previously 
measured in mice with the wild-type (resis- 
tance) allele of Scnm l (5), demonstrating trans- 
genic rescue of the C57BL/6J splicing defect. 
The fivefold diffensnce in wild-type SCNMl 
expression levels between Tg405 and Tg580 
did not change the proportion of correctly 
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spliced SaiSa^ pre-raRNA, indicating that 
SCNMl is not rate-limiting far splicing in this 
concentration range. 

Orthologs of Scnml were identified in 
mammals, chicken, fisli, and the xirochordate 
Ciona with the use of public sequence data- 
bases, but no orthologs were detected in flies, 
worms, or yeast. Analysis of protein domains 
in the coding sequence revealed one C2H2 
zinc fmger, a basic nuclear localization sig- 
nal, and a C-terminal acidic domain (Fig. 
IB). The C2H2 zinc finger domain is 100% 
coiiser\'ed in the mammalian orthologs of 
— SGNMl-(-Fig— lBrundertined)-Phylogenetic- 
comparison of zinc finger sequences places 
SCNMl within the UlC subfamily of RNA 
binding proteins tliat is commonly found in 
RNA-processing proteins (fig. S4). The UlC 
splice factor ftinclions in recognition of splice 
donor sites (J5, 16). Two other subfamily 
members, SF3A2 and WBP4, are also in- 
volved in splicing (77, 18). The homology 
between the zinc fingers in SCNMl and es- 
tablished splice factors suggests that SCNMl 
may also fimetion in splicing. 

The basic nuclear localization signal of 
SCNMl matches the bipartite consensus (K/ 
R)2 X,o.,, (KyR)j 09) (Fig. IB). To examine 
subcellular localization, we fused the coding 
sequences of wild-type SCNMl and 
SCNM l downstream of the green fluores- 
cent protein. Botli fusion proteins were local- 
ized exclusively to the nucleus in transfected 
cells (fig. S5). 

The R187X mutation in Scnnil impairs 
the in vivo splicing of ScnSa""^ in C57BL/ 
6J mice. Because Scum J is widely expressed 
in mouse embryonic and adult tissues (20), 
the mutation could also result in genome- 
wide changes in pre-mRNA processing, as 
obsen'ed for deletion of individual splicing 
factors in yeast (2 J). Impaired splicing of 
unlinked genes could be responsible for 
quantitative trait loci alleles and modifiers in 
.ikitmi /Lfi^oj ujtci amp Lo U1I5 cnromo- 
some region, including vestibular dysfiinc- 
tion and alcohol preference (22-24). R187X 
could also confer general susceptibility to de 
novo splice-site mutations. Coisogenic C57BL/ 
6J-Tg580 mice expressing wild-type SCNMl 
will be usefiil for evaluating these predicted 
effects of Scnni I. 

The effect of genetic background on the 
severit>' of inherited disorders has long been 
recognized (25), but only a few modifiers 
have been molecularly identified to date (26, 
27). Trans-acting splice factors have been 
suggested as one class of modifiers of the 
severity of human inherited disorders (28). 
Scnml provides an example of this type of 
disease susceptibility tlirough its trans-effect 
on the ScnSa"^^ transcript. The role of hu- 
man SCNMl in modulating splicing defects 
can now be tested with the use of linkage 
markers on human chromosome lq21. 



References and Notes 

1. N. A. Fsustino. T. A. Cooper, Cenes Dev. 17, 419 
(2003). 

Z. P. Stollov et aL, DAM Cell Biol. 21, 803 (2002). 

3. J. H. Caldwell, K. L. Sdialler. K S. Lasher, E. Peles, S. R. 
Levinson. Proc. Wafl. Acad. Sd. U.S.A. 97. 5616 
(2000). 

4. M. K Meisler, J, Kearnejr, A. Escayg, B. T. Macdonald, 
L K. Sprunger, Neuroscientlst 7, 136 (2001). 

5. B. L Burgess et a/., Nature Cenet. 10, 461 (1995). 

6. D. C. Kohrman, J. B. Harris. M. H. Meisler, J. Biol. 
Chem. 271. 17576 (1996). 

7. L K. Sprunger, A. Escayg, S. Tallaksen-Grcene, R. L 
Albin, M. H. Meisfer, Hum. MoL Cenet. 8, 471 (1999), 

8. J. A. Kearney eta/.. Hum. MoL Cenet 1 1 , 2765 (2002). 

9. D. A. Buchner, M. Trudeau, M. H. Meisler, Genomics, in 
press. 



10. International Human Genome Sequencing Consor- 
tium, Watuns 409, 860 (2001). 

n. Mammalian Gene Collection Program Team, Pmc. 
Natl. Acad. Sci. U.S.A. 99, 16899 (2002). 

12. L Cartegnl, J. Wang, Z Zhu, M. Q. Zhang. A. R. 
Kralner, Nucleic Acids Res. 31, 3568 (2003). 

13. H. Niwa, K. Yamamura, J. Miyazaici, Gene 108, 193 
(1991). 

14. Materials and nrtethods are available as supporting 
material on Science Online. 

15. H. Du, M. Rosbash, Nature 419, 86 (2002). 

16. G. Colling et at, Natvre Cenet 31, 135 (2002). 

17. D. Neslc, A. ICrSmer, Mol. Cell, Biol. 21, 6406 (2001), 

18. M. T. Bedford. R. Reed, P. Leder, Proc. Natl. Acad Sci 
U.S.A. 9S, 10602 (1998). 

19. D. Christophe, C Christophe-Hobertius, B. Piction, 
Cell. Signal. 12. 337 (2000), 

20. R. Milsl et a/.. Proc. Natl. Acad. Sci. U.S.A. 98 2199> 
(20O1). 



REPORTS 

21. T. A. Clark. C. W. Sugnet, M. Ares Jr., 5cfence 296 907 
(2002). 

22. M, E, K. Haywood et a/.. Arthritis Rheum. 43, 349 
(2000). 

23. K. Cryns et a/., Cenome Res. 12, 613 (2002). 

24. L. M. Tarantino, G. E. McClearn. L. A. Rodriguei. R. 
Plomin, Alcohol. Clin. Cxp. Res. 22, 1099 (1998). 

25. A. £. Carrod, The Inborn Factors in Disease: An Essay 
(Clarendon, Oxford. 1931). 

26. J. H. Nadeau, Curr. Opin. CeneL Dev. 13, 290 (2003). 

27. A. Slavotinek, L Biesecker, Human Mol. Cenet. 12, 
R45 (2003). 

28. M. Nissim-Raflnia, B. Kerem, Trends Cenet. 18 123 
(2002). 

29. J. A. Beck et al.. Nature Cenet 24. 23 (2000), 

30. L Cartegnl, A. R. Krainer, Nature Cenet. 30, 377 
(2002 ). 



31. We thank j. Heaton and T. Gelehrter for assistance 
with cell culture; L. Lawton ar«d D. Burke for assis- 
tance with primer extension assays; S. Camper, T. 
Glaser, and J. Moran for critical review of the manu- 
script; and the Trans-NIH Mouse Sequencing Consor- 
tium and the University of Oklahoma Genome Cen- 
ter for the BAC sequence. Supported by NIH research 
grant CM24872 and training programs T32 
CM07544, T32 HC00040, and T32 DC00011. Animal 
care was carried out In accordance with the Associ- 
ation for the Assessment artd Accreditation of Labo- 
ratory Animal Care Intemational. 

Supporting Online Material 

wwwsciencemag.org/cgi/cont«m/fuil/301/5635/967/C)C1 
Materials and Methods 
Figs, SI to 56 
References and Notes 

28 April 2003; accepted 8 July 2003 



Loss of a Callose Synthase Results 
in Salicylic Acid-Dependent 
Disease Resistance 

Marc T. Nishrmura,''* Mdnka Steln.^* Bi-Huel Hou,^ 
John P. Vogel,"'t Herb Edwards.^ Shauna C. Somerville^| 

Plants attacked by pathogens rapidly deposit callose, a p-1,3-glucan, at wound 
sites. Traditionally, this deposition is thought to reinforce the cell wall and is 
regarded as a defense response. Surprisingly, here we found that powdery 
mildew resistant 4 (omr4), a mutant laHcino nathncrpn-inHnrpH <-=iir»'= k=,".„,» 
restsrant to pathogens, rather than more susceptible. This resistance was due 
to mutation of a callose synthase, resulting in a loss of the induced callose 
response. Double-mutant analysis indicated that blocking^he salicylic acid (SA) 
defense signaling pathway was sufficient to restore susceptibility to pmr4 
mutants. Thus, callose or callose synthase negatively regulates the SA pathway. 



Plants defend themselves from pathogens 
with a variety of chemical and physical 
defenses (/). As first reported in 1863 by de 
Bary, the most prominent physical defense 
is the rapid synthesis of callose, an amor- 
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phous, high-molecular-weight 3-I,.'?-glucan 
(2). During fimgal infections, callose is 
deposited in cell wall appositions (papillae) 
that form beneath infection sites and are 
thought to provide a physical barrier to 
penetration (J). One of the collection of 
Arabidopsis mutants resistant to the pow- 
dery mildew Erysiphe cichoraceanim, 
pmr4, is resistant to other biotrophic patho- 
gens (E. orontii and Peronospora para- 
sitica), and resistance appears to act after 
the pathogen has penetrated the plant cell 
wall (4). Also,pnv4 produces dramatically 
less callose in response to powdery mildew 
infection or wounding. 



wvwjjciencemag.org SCIENCE VOL 301 15 AUGUST 2003 



969 



CO + H2O 




Cfi/La^O- ci innnri 



Actofs and spectators. The rate of the water-gas shift reaction is not affected by leaching of metal- 
lic gold nanoparticles by a NaCN solution, indicating that the particles a-e spectators in this reactioa 
The active site involves supported cationic gold (Au^. red spheres: the exact charge is not known) 



diameter, Valden et al. speculate that the 
unusual reactmfy of siipported gold results 
from a quantum size effect with respect to 
— the-thickness-ofthe-goldrThe-populafioiror 
particles that are two atoms thick coincides 
with a maximum in catalytic activity. 

However, the electronic properties of 
gold particles need not be solely related to 
quannim size eflfects. For example, Boyen 
et al. recently prepared silicon-supported 
gold particles by an inverse micelle syn- 
thetic strategy and chemical stabilization 
( 7). The matrix surrounding the supported 
particles w^ removed through exposure to 
an oxygen plasma. Particles containing 55 
atoms of gold, which are 1.4 nm in diame- 
ter, were completely resistant to oxidation 
by the plasma treatment. This extraordi- 
nary stability was attributed to the closing 
of the second atomic shell. Boyen et al. 
suggest tliat the resistance to oxidation of 
Aujj might contribute to the high catalytic 
activity of supported Au for CO oxidation. 
A related study also predicts an unusually 
high chemical stability of Aujo particles 
(S). However, it is not clear how the disso- 
ciation of oxygen molecules, a necessary 
step in the oxidation of CO, would occur on 
such inert particles. 

Explanations of the high catalytic activ- 
ity of gold particles on the basis of size 
alone neglect the importance of the under- 
lying support. A growing body of research 
suggests a role of the metal-sunnort Intpr- 
lace. ror example, m CO oxidation, oxy- 
gen might adsorb on the support whereas 
carbon monoxide might adsorb on the 
gold. Thus, tlie periphery of the gold parti- 
cles could be the site for the oxidation re- 
action (P). Furthermore, because metaJ 
particles often have positively charged 
atoms at the metal-support interface, a 
unique role of cationic interfacial gold 
species has been proposed (J, JO, 11). 

The elegant experiments of Fu et al. 
now reveal the critical role of cationic gold 
in the water-gas shift reaction (7). The au- 
thors deposited gold onto a La-doped ceri- 
um oxide support by either deposition- 
precipitation or coprecipitation and then 
calcined the material in air at 400°C. Most 
of the gold was reduced to metallic parti- 
cles by the thermal treatment. A basic sodi- 



imi cyanide solution was then used to leach 
the metallic gold from the catalyst surface 
(th e same p rocess is used to extract gold 
"dunng mim'ng operations). X-ray photo- 
electron spectroscopy showed that in a co- 
precipitated sample, the gold remaining on 
the support after leaching was exclusively 
ionic (see the figure). 

Although the leaching process removed 
85% of the gold, the catalytic activity per 

.surface are-a wnc iin!ifr»>i'f<»/l ki, fk^ 

metallic particles. These results suggest 
that ionic gold strongly interacts with the 
ceria support and is the active site for the 
reaction. Neutral gold ( Au") metal particles 
are simply inert by-products of the catalyst 
preparation method. Results from similar 
experiments with Pt-loaded ceria also indi- 
cate that metallic Pt is a spectator and ion- 
ic Pt is the catalytic site. 

Earlier diis year, Guzman and Gates 
used Au^*" organometallic complexes to 
prepare MgO-supporEed gold particles of 
various sizes and tested the materials in the 
catalytic hydrogenation of ethenc {12). 
After monitoring the chemical state of the 
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supported gold with in situ x-ray absorp- 
tion spectroscopy, they concluded that 
mononuclear Au^+ complexes were the ac- 
tive species and that Au*> was inactive. 
These results extend the role of cationic 
gold to another support and reaction, but 
"■>- g,wi»,iai ibi&v<uiuc i»i AU canons in 
catalysis remains to be discovered. 

Cationic gold may be the key to using 
this noble metal in areas usually reserved 
for transition metals such as Pt and Pd. 
Because each cationic species is potential- 
ly an active site, the activity per gold atom 
may be very high compared with that of a 
_siq)ported_metaluparticle,-wWcb-exposcs- 
only a fraction of its atoms at the surface. 
Hopefiilly researchers viall continue to ex- 
plore the potential of other cationic, single- 
site systems. 
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GENETICS 



Modifying the Message 

Joseph H. Nadeau 



One of the pioneering discoveries in 
genetic research was that v-ariation 
at one gene could modify the phe- 
notypic expression of variants at another 
gene {1-3). We know now that phenotype 
modification is the rule rather than tlie ex- 
ception and that genetic background 
strongly influences the expression of most 
genetic variants (4-6). The classical studies 
on phenotypic variation revealed that com- 
plex webs of interactions allow organisms 
to survive in the face of genetic and envi- 
ronmental stresses. The challenge now is to 
understand these networks in molecular de- 
tail. Key to this is identifying modifier 
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genes and determining how they act on 
their targets. On page 967 of this issue, 
Buchner et al. (f) identify and characterize 
a naturally occurring genetic modifier of 
the mutation that causes neuronal defects 
in tned' mice. The modifier variant aflFects 
the severify of the phenotj'pe by controlling 
splicing of the med' pre-RNA transcript. 

Mice that are homozygous for mutant 
alleles of med' show symptoms ranging in 
severity from tremor to ataxia, dystonia, 
muscle atrophy, paralysis, and lethality (5). 
Mice witli a severe phenotype have a fatal 
paralytic disease. They progressively lose 
ftmction in their hindlimbs and usually die 
within several weeks. In contrast, mice 
with a mild phenotype can live normal life- 
spans with clu-onic movement disorders. 
Neuronal defects include deficient signal 
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transduction at neuromuscular junctions. 



preterminal arborization. 

The med' mutation results from a short 
deletion (4 base pairs) that includes the 5' 
donor splice site of exon 3 in the ScnSa 
sodium channel gene. The mutant tran- 
script skips exons 2 and 3 and codes for a 
truncated protein. Both normally and ab- 
normally spliced transcripts are produced, 
so that the overall abundance of the ScnSa 
transcript is normal. However, the normal 
transcript is found in much smaller 
amounts and accounts for at most 10% of 
the total ScnSa transcript (see the fi g ure). 



Ion transport is critical to many cellular 
functions, and genetic mutations that dis- 



I $cn8a 
Wild-type 



transcripts are normally spliced on the 
C3K uackgruuiiu, whereas 5% of tran- 
scripts are correctly spliced on the B6 
background (see the figure). Thus, rather 
subtle differences in transcript levels 
cause striking differences in phenotype. 

threshold level of normal transcript and 
that dropping below this threshold has 
profound consequences. 

Using classic positional cloning meth- 
ods, Buchner et al. (7) showed that the 
modifier tliat exacerbates the mec^^ pheno- 
type in C57BL/6J strains encodes a zinc 
finger protein (SCNMl) that ap p ears t o 



act as a splice factor. The evidence is based 
on a combination of gene mapping, haplo- 



C3H and other strains 



Be and related strains 



ScnSa mRNA transcripts 
with different alleles of Scnml 

Wild-type med'' 



C3H 



B6 



m2T3TTl ^o% 

.1.2 3 4 100 c I [T]T 90% 
Wild-type I ale lethal ly 



Genetic networking. (Top) The med' allele of 
the ScnSa gene has a mutation that truncates ex- 
on 3 and leads to alternative transcripts, one that 
includes all four exons and another that skips ex- 
ons 2 and 3 to give much shorter mRNA. The 
Scnml gene has two variants, one found In C3H 
and many other Inbred strains and another that is 
found in C57BL/6J and closely related inbred 
strains. All seven exons are included In the mRNA 
in the C3H variant, whereas the B6 variant affects 
splicing so that alternative transcripts are pro- 
duced, one that lacks exon 7 and another that 
skips exon 6. (Bottom) On the C3H background 
10% of the ScnSa transcripts are the normal size, 
whereas this number falls to 5% on the B6 background. This modest difference In the abundance of 
the normal ScnSa transcript determines the severity of the phenotype. 
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Wild-type 
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eases, such as cystic fibrosis, epilepsies, 
ataxia, and paralysis. The SCN family of 
proteins modulates traasport of sodium in- 
to a wide variety of cells, including those in 
the kidneys, lung, muscles, and nerves, 
. throughout development. SCNSA proteins 
are particularly active in muscle and neu- 
ronal cells, where they control the propaga- 
tion of action potentials. The phenotype of 
med' mutant mice is consistent with de- 
fects in sodium transport. 

The severity of the med' phenotype is 
dependent on genetic background (P). The 
milder phenotype is found in the C3H in- 
bred strain and most other inbred strains, 
whereas the severe phenotype is found in 
C57BL/6J and closely related strains. The 
differences in phenotype correlate with 
differences at the molecular level; 10% of 



analysis, transcript characterization, and 
phenotype complementation in bacterial 
artificial chromosomes and complementa- 
ry DNA transgenic mice. The variant allele 
of Scnml involves a single nucleotide sub- 
stitution that simultaneously destroys a 
splice enhancer site and creates a prema- 
ture stop codon. Different truncated mes- 
senger RNAs (mRNAs) are produced, de- 
pending on which exons are included in 
the transcript and which are skipped. The 
Scnml gene, which is highly conserved in 
chordates, belongs to the UlC subfaituly 
of RNA binding proteins that play a role in 
recognition of splice donor sites. This pro- 
vides compelling evidence that the modifi- 
er gene has been correctly identified. 

Many disease mutations in humans and 
other species disrupt pre-mRNA splicmg 



(10, 11), and a rapidly growing body of ev- 
idence shows that various aspects of KNA 
biology, including splicing, are common 
targets of phenotypic modifiers (Jl). 
Mutations that affect the invariant splice- 
site sequences give no normal transcripts 
and thus often have severe pbenotypic ef- 
fects. By contrast, mutations in variant mo- 
tifs that include splice enhancers and splice 
silencers produce a mixture of normal and 
truncated transcripts and thus tend to have 
more modest and more variable effects. 
Modifier genes can act on the latter group 
by modulating the ratio of normal to ab- 
_normal_transcripts.J^here4S-potentiaI-to-de- 
sign drugs tliat target modifier proteins and 
thus modulate the level of normally spliced 
transcripts (7 /). 

The Buchner study is perhaps the best 
characterized example of a modifier and 
target gene in mammals, and similar stud- 
ies are likely to follow. However, this study 
raises many questions. Does SCNmI target 
other RNAs, and if so, which ones? What 
role does SCNMl play in the splicing com- 
plex? It appeal^ that SCNMl is a new mem- 
ber of an important class of splicing factors. 
It is conceivable tliat variant SCNMl ac- 
counts for other modifier effects or even 
acts as a quantitative trait locus involved in 
other complex traits. 

With the remarkable success in discov- 
ering genes involved in single-gene disor- 
ders, attention naturally turns to more com- 
plex traits. In contrast to Mendelian traits, 
genes involved in multigenic traits are no- 
toriously difficult to identify (12). 
Modifier genes are the obvious points of 
transition from the simple to the complex 
genetic world. Although phenotype modi- 
fiers are probably genetically complex, in- 
volving a substantial number of genes, 
some are amenable to positional cloning 
efforts, as the Buchner study demonstrates. 
And, because they modify the phenotypic 

mediately available about the nature of the 
pathways, networks, and systems that con- 
trol biological homeostasis. 
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